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ABSTRACT 
Zircons are best known as effective U-Pb geochronometers and more 
recently for their application to igneous and metamorphic inclusion suite petrology. 
A wide range of phosphate, oxide and silicate mineral inclusions in zircon have 
been studied but for reasons unknown, sulfide inclusions have been scarcely 
documented. This thesis explores the capacity of sulfide inclusions in zircon to 
preserve the metallogenic evolution of copper porphyry deposits, applied to 
porphyries in the Macquarie Arc, New South Wales. Zircons were extracted from 
the copper porphyries of Cadia Hill (Cadia), Endeavour 26 (Northparkes) and 
Copper Hill and observed by optical and electron microscopy techniques. 
 Globular inclusions predominantly of chalcopyrite-like compositions were 
found in zircon from both Cadia and Northparkes. These are interpreted to have 
been magmatic sulfide melts which became attached to zircon via surface tension 
and encapsulated as zircon continued to grow. U-Pb zircon age determinations of 
analysis sites interior and exterior to magmatic sulfide inclusions were within error 
of the mean ages of their respective zircon populations. A history of subsequent 
hydrothermal fluid evolution is preserved in zircon as a sequence of sulfides and 
sulfates, hydrothermally precipitated along fractures. No sulfide inclusions were 
identified in zircon from Copper Hill and it may be that sulfide saturation did not 
occur, or did so to a lesser degree than at Cadia and Northparkes.   
 Sulfide saturation is interpreted to have occurred as one or more temporally 
discrete events at Cadia and Northparkes. The observed magmatic sulfides are 
associated with copper, gold, silver and cadmium which is considered evidence of 
the strong chalcophile partitioning behaviour of sulfide melt phases. Magmatic 
sulfide melt globules may have heightened the availability of copper and other 
metals to hydrothermal fluids. A lack of sulfide saturation at Copper Hill may have 
limited the metal-budget and ore-forming potential of hydrothermal fluids.   
 Detrital sulfides are readily oxidised and destroyed yet may be preserved 
when included within stable minerals such as zircon. High temperature sulfide 
inclusions were found in detrital zircons downstream of Cadia Hill. These are 
interpreted to have been eroded from intra-plate volcanic rocks unrelated to any 
porphyry system. Sulfide inclusions in detrital zircon may be a useful greenfields 
exploration proxy of copper porphyry deposits, however further research is required 
to define discriminating features which reveal their geological setting of origin. 
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INTRODUCTION 
Chapter One 
 
1.1. Background 
 
1.1.1. Sulfide inclusions in zircon 
Zircon is a common accessory mineral in most silica-saturated rocks, 
generally crystallising from late stage magma fractions and during high grade 
metamorphism. It is a remarkably resilient mineral which may survive geological 
events over billions of years. Zircons may preserve the history of the magmatic and 
metamorphic environment in the form of growth zones, trace element geochemistry, 
radiogenic and stable isotopic systems and the inclusion of foreign minerals. If 
sulfides were to be included within zircon, it may be possible to utilise such features 
to trace the evolution of sulfur and associated metals such as copper by 
constraining the timing of their encapsulation by U-Pb geochronology of the host 
zircon. 
The occurrence of sulfide inclusions in zircon is a largely unexplored 
phenomenon and few observations have been documented. They have been 
previously observed in zircon from a variety of geological settings including from 
kimberlite pipes, volcanic and igneous rocks, Precambrian detritus and 
high-sulfidation deposits (Atton, 2013, Kozhevnikov and Safronov, 2012, Lawrie et 
al., 2007, Mathieu et al., 2001, Nutman, pers. comm. 2014, Spetsius et al., 2002). 
Unconfirmed observations were also noted for zircons from porphyry systems 
(Goesch, 2011). It is presently unclear why there is such scarcity of documented 
occurrences, particularly when considering the common use of U-Pb zircon 
geochronology and zircon inclusions suites in modern petrology. Sulfides may be 
included anywhere within the three-dimensional space of a zircon. Their opacity in 
transmitted light contrasts against transmissive zircon, however they require the 
abrasion of their host zircon to suitable levels in order to be properly identified. 
Perhaps sulfides in zircon have simply been overlooked. It may even be that as 
U-Pb dating of zircon benefits from relatively clean grains, those with inclusions are 
too readily discarded. The significance of sulfide inclusions in zircon might not have 
been recognised and sightings not recorded. Of course, the simplest and most 
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obvious reason for the lack of observations may be that sulfide inclusions in zircon 
may be rare.  
1.1.2. Application to copper porphyry systems 
Porphyry systems are a major supplier of copper and other metals. The 
hypogene and supergene ores are largely sulfur based minerals in the form of 
sulfides. Sulfides are readily oxidised and destroyed when in contact with oxidising 
agents of the atmosphere and as a result, detrital sulfide minerals are poorly 
preserved. Zircon however is hard, largely insoluble and may survive mechanical 
and chemical weathering processes. As such, any included sulfides may also be 
preserved by virtue of the physical armouring effect of their host zircon. Therefore, 
sulfide inclusions and their host zircon may be a useful proxy for exploring the 
metallogenic evolution of copper porphyry systems. As proposed by Nutman and 
Buckman (Pers. comm. 2014) this may include greenfields exploration via detrital 
zircons and examination of zircon from the oxidised portion above a supergene 
enrichment zone of a porphyry deposit.      
The Macquarie Arc is a linear array of volcanic belts within 
New South Wales, with some extension of outcrop into Victoria. These belts are 
host to numerous porphyry systems including the world class copper deposits of 
Cadia and Northparkes along with various lesser mineralised systems such as 
Copper Hill. The age and conventional metallogenic evolution of these deposits are 
reasonably well understood. This provides a suitable context in which to test the 
ability of sulfide inclusions in zircon to preserve the metallogenic evolution of the 
deposits from which they came. Sulfide inclusions in zircon from these deposits 
have not been previously reported. 
 
1.2. Aims 
This thesis represents a preliminary investigation into the occurrence of 
sulfide inclusions in zircon from copper porphyry systems. This study aims to; 
a) identify sulfide inclusions within zircon from known mineralised copper 
porphyries, b) document their genetic and temporal relationship to their host zircon 
and the deposits from which they came, c) explore the theoretical plausibility of 
sulfide inclusions in zircon as an indicator of mineralised porphyries and d) make 
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recommendations for future research and applications. In addition, sediments from 
a creek known to have drained over the mineralised Cadia Hill Cu-Au porphyry 
system are examined as a first pass testing of the potential application of sulfide 
inclusions in zircon to stream sediment exploration programs.  
This research is among the first and very few to document sulfide inclusions 
in zircon which is a largely unexplored phenomenon. It is anticipated that the results 
of this study will enable a range of future research opportunities with the potential 
for future commercialisation. 
 
1.3. Method 
 
1.3.1. Sample acquisition 
Ten samples from the Cadia Hill deposit of the Cadia district and 6 samples 
from the Endeavour 26 deposit of Northparkes district were provided by Solomon 
Buckman. Fieldwork was conducted over the 4th and 5th of April 2014 with the 
assistance of Daniel Knight, Solomon Buckman and Brian Jones. During this time, 
four diamond drill core samples representative of the Copper Hill prospect were 
sourced from the core shed of Golden Cross Resources, supervised and authorised 
by Managing Director, Kim Stanton-Cook. Sediments were collected from the 
Cadiangullong Creek where it is intersected by Panuara Road at 33°30’37.04’’S, 
148°58’47.45’’E (Figure 1). Sediment was sieved into a tray and loose silt and clay 
fractions were expelled. A position in which flow velocity was observed to drop was 
chosen as having the highest potential for concentrating dense mineral fractions 
(Figure 2).   
1.3.2. Petrography 
Thin sections of each rock sample were prepared by José Abrantes, all of 
standard thickness with the exception of one sample from Northparkes which was 
made into a polished section. This allowed reflected light microscopy of mineralised 
veins and their surrounds. Thin sections were analysed using a Leica DM2500 
petrographic microscope and photomicrographs were captured using an attached 
Leica DFC400. Observations were made of primary mineralogy where possible, 
alteration assemblages, textures and other features of interest.  
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1.3.3. Whole-rock geochemistry 
Major, trace and rare-earth element (REE) geochemical analysis for six 
Cadia samples were provided by Solomon Buckman. Analysis of these samples 
was conducted by Amdel Laboratories Ltd. by ion-chromatography using detection 
limit schemes IC3 and IC4 except for Au, Pt and Pd which were analysed by fire 
assay. The remaining samples were analysed for major and trace elements at the 
University of Wollongong via x-ray fluorescence (XRF). These were also analysed 
for rare-earth elements via inductively coupled plasma mass spectrometry 
(ICP-MS) at ALS Laboratory Services Pty. Ltd., Minerals Division Brisbane. One 
sample from Northparkes was excluded from analysis as it contained insufficient 
primary material. 
The samples were first crushed using a TEMA chromium steel ring mill to 
produce a fine powder. For XRF analysis, approximately 5 g of each crushed 
sample was mixed with PolyVinyl-Alcohol (PVA), compressed into aluminium 
moulds at 2500 psi and allowed to dry for 24 hours inside an oven set to 65°C. The 
remaining process of XRF analysis was conducted by Paul Carr and José Abrantes. 
The samples were analysed for trace elements and those with >1000 ppm sulfur or 
>400 ppm copper were identified as requiring oxidation prior to fusing for major 
element analysis. For the analysis of major elements, glass discs were produced 
via fluxed heating in a platinum crucible up to 970°C and subsequent pressing on 
a graphite plate. A metaborate flux was applied to samples with >65 wt% SiO2, and 
a 12:22 mix of teraborate to metaborate flux was applied to all other samples. Eight 
of the thirteen samples required oxidation prior to fusing which was by the addition 
of 5 ml of LiNO3 prior to resting overnight in a 65°C oven. Ametex Materials Analysis 
software was used for spectra identification, calibrated by an inbuilt library of 
various standards. Loss on ignition was measured as the difference between initial 
and final weights after the firing of 1 g of sample at 1050°C for two hours.    
For ICP-MS analysis, powdered sample was mixed into a lithium 
metaborate/lithium tetraborate flux and fused in a furnace. After cooling of the 
resultant melt it was dissolved into solution using hydrochloric, hydrofluoric and 
nitric acids. The solution was subsequently analysed using inductively coupled 
plasma mass spectrometry.  
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1.3.4. Zircon preparation 
The acquired rock samples were split into four composites; two of Cadia 
[CA01 and CA02] consisting of five samples in each, a 6 sample composite of 
Northparkes [NP01] and a 4 sample composite of Copper Hill [CH01]. These along 
with approximately two kilograms of stream sediments [CAS01] were dispatched to 
the Australian National University for zircon separation by Shane Paxton. Samples 
were first crushed and zircons were subsequently extracted by standard heavy 
liquids and magnetic separation techniques. For each composite zircon separate, 
grains were first examined using an optical microscope at the University of 
Wollongong. Grains which contained opaque inclusions were preferentially 
selected for mounting and the remaining mount space was filled with randomly 
selected clean zircons. At least one-hundred zircon grains from each separate 
(>1200 zircons in total) along with thirty-seven grains of the TEMORA zircon 
standard were mounted in two epoxy resin mounts; mount W27 which holds zircons 
from both Cadia and Northparkes and mount W29 which contains zircons from 
Copper Hill and the Cadiangullong Creek. These mounts were ground with 1200 
grade emery paper to expose the interior cross sections of the zircons, aiming for 
approximately the mid-section for the majority of grains. Upon reaching a 
satisfactory depth of abrasion, the mounts were polished using a 1 µm grade 
diamond paste.  
1.3.5. U-Pb geochronology 
U-Pb zircon geochronology was undertaken using a sensitive high resolution 
ion microprobe (SHRIMP II) at the Australian National University. Cathode 
luminescence (CL) images of zircon grains within mount W27 were captured at the 
Australian National University while those within mount W29 were captured at 
Macquarie University. These images were used to select analysis sites, combined 
with all other imagery to ensure fractures and inclusions were avoided. SHRIMP 
analyses were conducted at a 10 kV accelerating voltage and a ~4 nA primary O2- 
beam at a 20 µm spot size. Protocols of analysis followed those of Williams (1998). 
Training and ongoing support was provided by Allen Nutman. For principles of U-Pb 
zircon geochronology and further details of its application please refer to 
section 6.1. 
 
- 6 - 
 
1.3.6. Electron microscopy 
Semi-quantitative point geochemistry of inclusions was acquired via 
scanning electron microscopy energy dispersive X-ray spectroscopy (SEM-EDS) at 
the Electron Microscopy Centre, Innovation Campus of the University of 
Wollongong. This was achieved using a JEOL SEM 6490LA with an attached JEOL 
EDS JED-2300 Mini-Cup. The JED-2300 uses a liquid nitrogen cooled, lithium 
doped single-crystal silicon detector (SiLi). SEM-EDS element rasters were 
produced using a JEOL JSM-7001FA with an Oxford X-MAX 80 mm2 silicon drift 
EDS detector (SDD). The 7001FA was also used to confirm point analyses of 
inclusions which were difficult to characterise with the 6490LA. All analyses were 
conducted at 15-25 kV accelerating voltage and at a probe current of 5 nA. Point 
analyses were for a minimum live time of 30 seconds. Count rates were typically 
around 6,000 – 10,000 counts per second on the 6490LA and much higher on the 
7001FA. An in-built standards database was used for the auto-calculation of 
constituent element mass percentages which included ZAF matrix corrections. 
Training and ongoing support was provided by Mitchell Nancarrow, Professional 
Officer and Microscopist at the Electron Microscopy Centre, Innovation Campus of 
the University of Wollongong. For principles of SEM-EDS and further details on its 
application please refer to section 7.1.  
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[A] 
[A] 
Figure 1: (Above) Geology surrounding 
the Cadiangullong Creek. Left shows the 
creek has its headwaters upon Mount 
Canobolas and drains southward. Right 
(subset A) shows the creek drained 
directly over the Cadia Hill deposit prior to 
being redirected due to mining activities in 
the western end of the pit. Samples were 
collected from the creek slightly north of 
the intersection with Panuara Road, (red 
star).  
Figure 2: (Left) Eastward facing photo of 
the sediment sampling position along the 
Cadiangullong Creek. Dashed circle 
approximates the position from which 
sediment was collected, where a 
significant drop in velocity was determined 
to provide the optimum conditions for the 
concentration of dense minerals such as 
zircon. 
Geology 250k NSW Statewide 2003,  
© NSW Department of Mineral Resources 2002 
NSW LPI DTDB 2012,  
© NSW Government, Land and Property Information 2012 
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REGIONAL GEOLOGY 
Chapter Two 
2.1. The Macquarie Arc 
The Macquarie Arc is predominantly composed of mafic to intermediate 
volcanic and volcaniclastic rocks, interbedded limestone and chert (Fergusson, 
2009, Glen et al., 1998). These are located within central eastern New South Wales 
with a small extension into Victoria (Figure 3). From west to east, these are the 
Goonumbla-Trangie; formerly Junee-Narromine (Fergusson, 2009), Molong, 
Rockley-Gulgong, and to the south, the Kiandra Volcanic Belts (Glen et al., 1998). 
Subduction induced magmatic activity occurred in an intra-oceanic arc setting 
during the Ordovician to Early Silurian (480 – 430 Ma) as constrained by fossil and 
radiometric ages (Percival and Glen, 2007, Walshe et al., 1995). It has been 
postulated that these belts represent the fragments of a once single arc, split apart 
during extension and/or strike-slip faulting (Glen et al., 1998), however ongoing 
debate and research continues to explore a complex history of evolution (e.g. 
Aitchison and Buckman, 2012, Fergusson, 2009). The magmatic history has been 
categorised into four phases by their chronology and geochemistry (Crawford et al., 
2007b, Glen et al., 2007, Percival and Glen, 2007). High-level porphyries composed 
of monzodiorite-diorite to monzonite-granodiorite were emplaced during these 
phases and have also been classified into four respective groups (Glen et al., 2007). 
 
Figure 3: The Macquarie Arc. 
Shapes include sections interpreted 
from aeromagnetic data. GTVB = 
Goonumbla-Trangie Volcanic Belt, 
MTV = Molong Volcanic Belt, RGVB 
= Rockley Gulgong Volcanic Belt, 
KVB = Kiandra Volcanic Belt. After Li 
et al. (2010) 
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Phase 1 is characterised by high-K calc-alkaline to shoshonitic magmatism 
which was active from 490 – 475 Ma, preserved by the Molong and Goonumbla-
Trangie Volcanic Belts (Percival and Glen, 2007). Group 1 porphyries were 
emplaced near the end of this phase, though in relatively low abundance (Glen et 
al., 2007). Positive initial εNd signatures of these demonstrates that there was no 
contamination by continental crust (Crawford et al., 2007b), supported by the lack 
of associated turbidite material eroded from continental margins (Glen et al., 2007). 
Following Phase 1 was a 9 Myr magmatic hiatus, after which began Phase 2. This 
lasted from 466 – 450 Ma and produced magmas of medium- to high-K calc-alkaline 
and shoshonitic compositions within all of the recognised volcanic belts (Percival 
and Glen, 2007). Group 2 porphyries and holocrystalline intrusions of monzogabbo-
monzodiorite-monzonite composition (MMMz suite) were emplaced within the 
Goonumbla-Trangie Volcanic Belt from 466 – 460 Ma (Crawford et al., 2007a). 
Phase 3 consists of medium-K calc-alkaline to shoshonitic intrusions. It 
occurred between 456 – 443 Ma, although was most active from 450 – 445 Ma. 
During this time, uplift, erosion and unevenly distributed limestone deposition 
occurred within the Molong Volcanic Belt. This uplift event is thought to be 
associated with intrusive activity which was coincident with a magmatic hiatus in 
the western end of the arc (Percival and Glen, 2007). Phase 3 magmatism 
produced the Group 3 dacites and diorite of the Copper Hill prospect along with 
porphyries of similar geochemistry which intrude into the Phase 2 MMMz suite 
(Crawford et al., 2007a, Glen et al., 2007). Other Group 3 porphyries of economic 
interest include the monzonite intrusives at Ridgeway (Glen et al., 2007). 
Phase 4 magmatism, 457 – 437 Ma (Percival and Glen, 2007), was largely 
shoshonitic and is responsible for major mineralised systems including the 
porphyries of the Northparkes and Cadia districts. It was the most voluminous of 
phases and its cessation marked the end of Macquarie Arc evolution (Crawford et 
al., 2007b) and the onset of the Benambran Orogeny (Aitchison and Buckman, 
2012). Whereas Groups 1-3 were pre-accretionary, it has been suggested that 
Group 4 porphyries were syn-accretionary and emplaced into thicker crust which 
was capable of supporting extended periods of magmatic fractionation (Glen et al., 
2007). Phase 3 uplift can account for at least some crustal thickening and may also 
have influenced the duration and degree of fractionation of the Copper Hill Suite. 
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Overriding plate thickness has been associated with the ore potential of porphyry 
systems (Chiaradia, 2014) and shall be discussed further in section 3.3.1. 
 
2.2. Porphyries of the Macquarie Arc 
 
2.2.1. Overview 
The mineral endowment of the Macquarie Arc is substantial, being host to a 
number of known porphyry and related deposits (Figure 4). The porphyries have 
been described by their chemical affinities as being either calc-alkalic or alkalic 
(Cooke et al., 2007). The calc-alkalic deposits include the Cu-Au porphyries 
Marsden, Cargo, Copper Hill, Mandamah and Cullingarai. None of these are 
currently being exploited although they remain prospective. The alkalic Cu-Au 
porphyries include various systems within the Northparkes and Cadia districts 
which contain the bulk of known mineralisation. Mining of these deposits is ongoing 
and their geochemical attributes such as their affinities with shoshonitic volcanic 
centres have been a focus of ongoing research and debate in attempt to delineate 
exploration vectors (Blevin, 2002, Holliday et al., 2002). The following are 
summaries of the Cadia, Northparkes and Copper Hill deposits. Please note that 
the provided grades and tonnages per deposit are not normalised and are a function 
of a range of geological and economic factors. 
 
Figure 4: Position of Northparkes, Cadia and Copper Hill within the Macquarie Arc. Dashed lines represent the 
bounds of the Lachlan Transverse Zone (LTZ). After Lickfold et al. (2003). 
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2.2.2. Cadia District 
The Cadia porphyry copper-gold district is located 25 km southwest of 
Orange (Figure 4). It is the largest of its type in Eastern Australia containing a pre-
mine resource of over 585 t Au and 2.35 Mt Cu (Holliday et al., 2002). The deposits 
are spatially, temporally and genetically associated with intrusions of monzonite to 
quartz-monzonite composition (Wilson et al., 2007b). Emplacement occurred 
during the Late Ordovician to Early Silurian within a 6 km west north-west corridor 
parallel to the Lachlan Transverse Zone (Glen and Walshe, 1999). This feature is 
thought to have acted as a major structural control on their distribution, evidenced 
by the emplacement distribution and also by the orientation of mineralised quartz-
veins (Holliday et al., 2002). The porphyries intrude the Middle Ordovician 
volcanogenic sedimentary rocks of the Weemalla Formation and its overlying 
Late Ordovician andesitic to basaltic Forest Reef Volcanics, both of which are host 
to mineralisation.  
Two mineralisation styles have been defined within the district, those which 
are ‘intrusion-related’ and ‘intrusion-hosted’. Intrusion-related deposits are those 
where mineralisation is hosted within country rock centred upon genetically related 
intrusive centres such as with Ridgeway and Cadia East. Intrusion-hosted deposits 
are those where mineralisation is hosted within monzonite, although the genetic link 
is unclear, such as with Cadia Quarry and Cadia Hill (Wilson et al., 2007b). The 
Cadia Hill open pit mine, from which samples of this study were sourced, contained 
a total pre-mine resource of 352 Mt at 0.16% Cu and 0.63 g/t Au (Table 1 in Holliday 
et al., 2002). It is dominated by a porphyritic monzonite stock, however no obvious 
intrusive centre is recognised nor are any distinct multiple intrusive phases. The 
deposit contains chalcopyrite, native gold with minor pyrite and bornite which is 
disseminated throughout and adjacent to sheeted veins and high grade 
crackle-breccia. The sheeted veins occur in low density, may be up to 300 m wide 
and grade is maintained to at least 600 m depth. Minor and localised galena and 
sphalerite also occur with late-mineralisation faults associated with sericite-pyrite 
alteration. The deposit is bound by post-mineralisation faults to the east, west and 
north which are associated with iron-carbonate and sericite alteration. Laumonite-
epidote-calcite-orthoclase ± fluorite occur as post-mineralisation cement within 
crackle breccia (Holliday et al., 2002). 
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The Cadia district contains considerable areal extents of middle to late 
Miocene volcanic rocks of the Mount Canobolas volcanic complex. This complex is 
considered to be part of a volcanic chain produced by the northward migration of 
the Indo-Australian plate over a relatively stationary ‘hot spot’ of upwelling mantle 
(Middlemost, 1981). The Cadiangullong Creek has its headwaters upon the 
Mt. Canobolas trachytes and drains southward. The creek once flowed directly over 
the outcropping Cadia Hill deposit. It has been dammed to the north of the mine 
and a 2.4 km section of the creek has been diverted to allow mining in the western 
end of the pit (Newcrest Mining Ltd., 2010). Zircons from the Cadiangullong Creek 
were sampled approximately 5 km south of the mine at the intersection with 
Panuara Road (Figure 1).   
2.2.3. Northparkes District 
The Northparkes district is located approximately 25 km northwest of Parkes 
(Figure 4). It is made up of at least 12 mineralised centres (Heithersay and Walshe, 
1995), with four recognised economic Cu-Au porphyry deposits, the Endeavour 22, 
Endeavour 26, Endeavour 27 and Endeavour 48, (E22, E26, E27, E48). Their 
combined resource has been reported at 131.7 Mt at 1.12% Cu and 0.51 g/t Au 
(Cooke et al., 2007). The deposits are concentrically zoned, vertically elongate 
masses of quartz + sulfide veins and stockwork centred upon quartz-monzonite 
complexes. The intrusions are relatively small compared with other porphyries 
around the world with low volumes and cross sectional area, although 
mineralisation may extend to 1400 m depth. The associated ore zones may be up 
to 400 m in diameter using a 0.5% Cu cut-off (Lickfold et al., 2003). The deposits 
occur within a north-northwest structural corridor, interpreted from aeromagnetic 
data referred to as the Endeavour Lineament (Heithersay and Walshe, 1995). This 
feature is in close proximity and orientation to the Lachlan Transverse Zone. The 
monzonite porphyries intrude Late Ordovician volcanogenic ignimbrites and 
volcano-sedimentary rocks of the Wombin Volcanics and basaltic-andesitic to 
trachy-andesitic Middle to Late Ordovician Goonumbla Volcanics (Lickfold et al., 
2003).  
Hydrothermal alteration affected both the intrusive porphyries and up to an 
extent of 750 m into volcanic country rocks. The typical zonation styles known for 
porphyry deposits are not as evident, attributed to the occurrence of multiple 
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intrusive phases and fault controlled late stage sericite alteration. As a result, some 
alteration zones have discrete boundaries, are asymmetrical and vary between 
deposits (Lickfold et al., 2003). The E26 deposit, from which samples of this study 
were sourced, contains multiple pipe-like monzonite porphyries, narrow and 
vertically attenuated. The deposit is reported to contain 92.3 Mt of ore at 1.3% Cu 
and 0.4 g/t Au (Harris and Golding, 2002). At depth, the E26 intrusions cut the E31 
stock (Heithersay and Walshe, 1995). The main ore stage consists of the M1 veins 
and veinlets divided into the M1a, M1b and M1c. The M1a veinlets are <1 cm wide 
quartz veins which may contain sulfides, K-feldspar, anhydrite, apatite and rutile. 
The M1b mineralisation occurs in stockworks and sheeted quartz veins which may 
also include carbonate and localised sericite and hematite alterations. These veins 
are generally 0.5 – 2 cm wide and contain the majority of mineralisation which is 
highly bornite-rich. Along with typical copper sulfides, they may also contain 
tellurides and lead-selenides. The M1c veins occur from 50 m distance from the 
porphyry complexes. They contain abundant calcite, relatively low quartz contents 
and are enriched in chalcopyrite and pyrite (Lickfold et al., 2003).  
2.2.4. Copper Hill 
The Copper Hill prospect is located ~30 km northwest of Orange (Figure 4) 
and is part of the Copper Hill Intrusive Complex (Blevin, 2002). This deposit 
occupies a structural high within the Molong Volcanic Belt (Chivas and Nutter, 
1975). Igneous activity is first marked by the intrusion of a pre-mineralisation quartz-
diorite porphyry, followed by porphyritic dacites. The dacites occur as both highly 
fractured, altered and mineralised porphyry and as a relatively intact un-mineralised 
porphyry, the latter which intrudes the quartz-diorite (Scott, 1978). These intrude 
the Fairbridge Volcanics which are predominantly composed of andesite and basalt 
(Scott, 1978). These are virtually coeval with the Copper Hill intrusions (Perkins et 
al., 1995). Given the system is poorly mineralised relative to Cadia and 
Northparkes, perhaps premature venting of its plumbing system resulted in a loss 
of sulfur prior to the mineralisation events reducing ore potential. 
Mineralisation is largely confined to the central portion of the intrusive 
complex in an area approximately 2 x 1 km (Scott and Torrey, 2003). Chalcopyrite 
is contained within quartz-pyrite and quartz-magnetite veins and stockworks and 
occasional disseminations adjacent to these (Chivas and Nutter, 1975, Scott and 
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Torrey, 2003).  Within these fracture zones are quartz-carbonate veins which 
contain minor tetrahedrite and sphalerite. Late stage calcite-sphalerite and barite-
galena veins also occur several hundred meters into the quartz-diorite and 
Fairbridge Volcanics (Chivas and Nutter, 1975). Propylitic zones have been found 
from approximately 300 m depth overlain by sericite-chlorite-carbonate alteration 
(Scott and Torrey, 2003). This is surrounded by chalcopyrite bearing chlorite 
alteration assemblages which decrease in grade with proximity to the inner sericite 
zone (Scott, 1978).   
Copper Hill is a historically interesting porphyry deposit, being the first 
metalliferous mining operation in New South Wales (Carne, 1908). Mining of the 
supergene ore was conducted from 1845 – 1851 and since then interest in the 
deposit has been largely limited to exploration efforts. The lease is currently held 
by Golden Cross Resources Ltd. who have conducted various exploration and 
feasibility studies. Drilling has defined a combined measured-indicated-inferred 
resource of 153 Mt at 0.32% Cu and 0.28 g/t Au (Golden Cross Resources Ltd, 
2013). The deposit has not yet met current economic justification and remains 
dormant.  
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PORPHYRY SYSTEMS: STRUCTURE AND GENESIS 
Chapter Three 
3.1. Introduction 
 
3.1.1. Scope 
The focus of this thesis are the micro-scale sulfide inclusions within zircons 
from porphyry copper systems and as such, concerns the evolution of the 
concentration of sulfur and associated chalcophile elements. However, the 
interpretation of results benefits from an understanding of the broader context of 
macro-scale porphyry evolution. For this reason, the overview of porphyry systems 
is divided into two parts for ease of referral and logical progression. Part 1 here 
explores the structure and genesis of porphyry systems, with respect to magma 
evolution and emplacement, though not explicitly regarding metallogenic 
processes. Part 2 (Chapter 4) discusses the evolution of sulfur and associated 
metals within the context of Part 1. 
3.1.2. Economic significance 
Porphyry systems are the result of a complex sequence of geological 
processes which given the right conditions, may result in the concentration of 
copper and other metals. They represent almost 75% of the world’s retrievable and 
supplied copper, half the molybdenum and significant amounts of gold and other 
metals (e.g. Ag, Te, Se, Pb and Bi). Typical hypogene ore grades range from 
0.5 – 1.5% Cu, <0.4% Mo and up to 1.5 g/t Au (Sillitoe, 2010) and large tonnages 
are usually required to be economically viable. The newly opened Oyu Tolgoi 
deposit in Mongolia for example contains a reported measured + indicated resource 
of 2.18 Gt of ore at 0.95% Cu, 47 ppm Mo and 0.36 g/t Au (Turquoise Hill Resources 
Ltd, 2013). The largest 25 known porphyry copper deposits hold a combined 
~670 Mt of contained copper within ~100 Gt of ore for a net grade of 0.67% Cu 
(Calculated from Table 1 in Cooke et al., 2005) 
Copper porphyries around the world are remarkably similar in their features 
and attributes, which are a function of the genetic processes which produce them. 
These processes are complex and wide ranging with initial beginnings in the 
asthenosphere. Regardless of grade and tonnage, economic factors will dictate 
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whether the concentration of copper translates into a recoverable resource. Such 
factors include infrastructure and transport requirements, the copper price and the 
depth of mineralisation. The depth of mineralisation affects the strip ratio, that is, 
the tonnes of waste removed for every tonne of ore recovered (Slade et al., 2012). 
The depth of mineralisation equals the sum of emplacement depth and erosional 
level. The majority of copper porphyries are emplaced to depths between 
500 m – 5 km and modal exhumation rates have been calculated at 167 m/Myr 
(Kesler and Wilkinson, 2006). At this rate, a copper porphyry emplaced at 5 km to 
its basal portion will be entirely eroded within 30 Myr, hence most deposits are 
geologically young. Therefore, an economic copper porphyry not only requires 
sufficient grade and tonnage, but also shallow emplacement and enough erosion 
to remove the majority of overburden only and not the ore body itself.    
 
3.2. Primary Melt Production in Copper Porphyry Development 
 
3.2.1. Slab dehydration 
Porphyry copper deposits are typically found within elongate magmatic belts 
formed by subduction-induced magmatism. Early models of melt generation within 
subduction zones suggested that the magmas produced were the result of direct 
melting of the subducting slab. It is now believed that geothermal gradients do not 
support direct slab melting except for rare examples where relatively young (<25 
Myr) and hot slabs are subducted (Defant and Drummond, 1990). Though porphyry 
copper systems may have been generated since the Archean where temperatures 
were conducive to partial slab melting (Martin, 1986), Meso-Cenozoic porphyries 
are the best preserved, due to the low preservation potential and subsequent 
erosion of older systems (Kesler and Wilkinson, 2006, Sillitoe, 2010). The 
preservation of Late Ordovician – Early Silurian porphyries of the Macquarie Arc 
may reflect the style of Palaeozoic crustal growth and the subsequent tectonic 
stability of the Australian continent.   
It is now widely accepted that the vast majority of preserved porphyry 
deposits are the result of slab dehydration. As oceanic lithosphere is subducted, it 
is subjected to gradually increasing temperature and rapidly increasing pressure. 
Experimental studies have shown that under these conditions, hydrous minerals 
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such as amphiboles and micas contained within a subducting slab destabilise and 
break down, releasing their volatile contents into the overlying mantle wedge 
(e.g. Arculus, 1994). This process of metamorphism is most important to depths of 
~100 km at the blueschist-eclogite transition (Richards, 2011). Despite the subdued 
geothermal gradient produced by the cold subducting slab (Toksöz and Hsui, 1978), 
hydration and metasomatism of the mantle wedge act as a flux, sufficiently lowering 
the mantle solidus to generate a melt of basaltic composition (Arculus, 1994, 
Richards, 2003). These primary arc magmas may be enriched in around 
2.5 wt% H2O, representing up to 40% of the total water subducted (Sobolev and 
Chaussidon, 1996). Subduction induced downward drag, heterogeneities in 
rheology and thermal gradients introduce fresh asthenosphere to the mantle wedge 
in a semi-convective nature, allowing the processes of fluxed-melting to be 
repeated (Arculus, 1994, Richards, 2003, Richards, 2011).  
3.2.2. The MASH zone 
The hydrous nature of primary arc melts makes them less dense than the 
surrounding mantle (Herzberg et al., 1983) and so they ascend through the 
asthenosphere until reaching the overlying crust. At this point, the lower density of 
the crust acts as a barrier and the magmas begin to pool. Fractionation produces 
ultramafic cumulate layers (Müntener et al., 2001) whose crystallisation releases 
significant quantities of heat into the overlying crust. With ongoing replenishment of 
primary magma and extended fractionation, the volatile content of residual melts 
are further enriched (Huppert and Sparks, 1988). As with hydration of the mantle 
wedge, these volatiles act as a flux which when combined with the accumulation of 
heat, result in partial melting and assimilation of the lower crust. This complex 
process of fractionation produces hybrid melts of intermediate composition which, 
subject to stress regimes and initial water content, may rise to sufficiently high 
structural levels for porphyry development (Richards, 2003). These processes form 
the basis of the MASH zone model; melting, crustal assimilation, storage or pooling 
at the base of the crust and homogenisation (albeit dynamic) of the product magma 
(Hildreth and Moorbath, 1988). 
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3.3. Crustal Ascent of Magmas in Copper Porphyry Deposits 
 
3.3.1. Tectonic stress regimes 
The mechanisms of magma ascent through the crust have been subject to 
ongoing debate, with opposing views of diapiric upwelling and dyke propagation, 
the latter being favoured in recent times (Del Potro et al., 2013). Though subduction 
zones are synonymously convergent boundaries, local and regional stress regimes 
can be compressional, extensional or translational. It has been suggested that the 
intermediate magmas produced within the MASH zone ascend through the crust 
primarily as dykes as a function of the prevailing stress regimes (Clemens and 
Mawer, 1992, Richards, 2003). Fracture propagation is generally perpendicular to 
σ3 within the σ1- σ2 plane. σ3 is horizontal within strike-slip and extensional settings, 
in which case vertical fracture propagation may function as dyke pathways, 
supported by vertical buoyancy forces of the magma. In compressional settings 
however, σ3 is vertical and any magmas will preferentially form as horizontal sills, 
though MASH fractionation processes are promoted. It has been suggested that 
multiple feeder dykes rise from the MASH zone and coalesce upon shifting stress 
regimes where lateral storage is preferred, resulting in the production of up to 
batholith scale accumulations of magma (Clemens and Mawer, 1992). These may 
act as precursor plutons and feed one or more shallower porphyries.  
Richards (2003) suggests that trans-compressional regimes provide the 
optimum balance of forces to allow the transport of melts while sustaining MASH 
fractionation processes. Similarly, recent work has found that magmas emplaced 
at high structural levels are most common in extensional and strike-slip 
environments implicating the significance of pre-existing structures (Chaussard and 
Amelung, 2014, Gow and Walshe, 2005). The Lachlan Transverse Zone (LTZ) 
(Glen and Wyborn, 1997) is a major geophysical lineament which runs west-
northwest across the Macquarie Arc and is considered an example of this type of 
structural control. Approximately parallel dykes and faults within the Cadia Intrusive 
Complex and W-NW trend of the LTZ infer a σ3 orientation of north-northeast during 
the Late Ordovician. This feature is considered to have acted as a zone of 
weakness which underwent periods of dormancy and reactivation in response to 
shifting regional stress regimes, thus facilitating fractionation and emplacement 
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processes conducive to the development of porphyry copper systems (Glen and 
Walshe, 1999, Glen et al., 2007).  
Crustal thickness may also be a significant structural control on porphyry 
evolution. It has been suggested that relatively thick crust is required to supress the 
venting of high-level porphyries, allowing them to undergo extended periods of 
fractionation (Glen et al., 2007). This is supported by the statistical analyses of 
magmatic rocks from 23 volcanic arcs which show that magmas emplaced within 
relatively thick arcs are more calc-alkaline than magmas within relatively thinner 
arcs which tend to be more tholeiitic (Chiaradia, 2014). Phase 4 magmatism of the 
Macquarie Arc is considerably more fractionated than earlier episodes indicating 
migration through thicker crust (Crawford et al., 2007b) and the mineralised Group 4 
porphyries are positioned within thick packages of deformed volcanic and 
volcaniclastic rocks. This lends support to the notion that thicker crust was a genetic 
factor to their development (Glen et al., 2007).  
The emplacement of the Group 4 porphyries at Cadia and Northparkes is 
interpreted to be synchronous with accretion, during extension and/or relaxation 
(Glen et al., 2007). Ascent may have been facilitated by crustal weaknesses of the 
Lachlan Transverse Zone while fractionation was promoted by a thick crust of 
sufficient load to suppress the venting of porphyries (Glen et al., 2007, Glen and 
Wyborn, 1997, Richards, 2003). This highlights the significance of complex and 
shifting regional stress regimes and pre-existing structure. Within the Cadia district 
for example, multiple magmatic-hydrothermal events are recognised which 
necessitates structural conditions favourable to episodic trapping and release of 
ore-forming melts (Wilson et al., 2007b).  
3.3.2. Precursor plutons and province 
Precursor plutons (Figure 5) refer to the mid-upper crustal magmatic 
reservoirs which supply one or more porphyry intrusions at some higher structural 
level. Depths to the upper limit of a precursor pluton are thought to range from 5 – 
15 km (Cloos, 2001, Richards, 2003). They are fed by dykes which transport melt 
from the MASH zone which upon shifting stress regimes and approach to neutral 
buoyancy (Richards, 2003), stall, coalesce and agglomerate as plutons up to 
1000 km3 (Cloos, 2001) though volumes as a low as 50 km3 may be sufficient to 
produce porphyry copper deposits (Cline and Bodnar, 1991). These reservoirs may 
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produce one or more shallower porphyries which typically rise as vertically elongate 
‘fingers’, temporally separated from the precursor pluton by 1 – 2 Myr or less. 
Precursor plutons, combined with the tectonic and structural controls which 
facilitate magma generation and emplacement, produce genetically, temporally and 
spatially related groups of porphyries, referred to as provinces (Sillitoe, 2010). This 
relationship has been suggested at Northparkes, where no less than four copper-
gold porphyry systems exist, comparatively consistent in terms of emplacement 
history, veining and alteration which has led to the inference of a single precursor 
pluton (Lickfold et al., 2003). Within the Cadia Intrusive Complex, a swarm of latite-
trachyte dykes have been interpreted as the late differentiates of a precursor 
magma chamber at deeper structural levels (Holliday et al., 2002).   
3.3.3. Multi-phase porphyries 
Copper porphyry deposits represent the maximum structural ascent and final 
melt evolution of a complex series of processes which originate in the mantle wedge 
above a subducting oceanic lithosphere. Typically rising from a precursor pluton as 
finger-like stocks or plugs, they can vary in their morphology ranging from spherical 
to elliptical in plan-view to irregular masses and dyke swarms (Sillitoe, 2010). 
Porphyry emplacement commonly comprises multiple and temporally confined 
intrusive phases including those emplaced prior, during and after the emplacement 
of the ore-producing phase (Kirkham, 1971). This is well demonstrated at 
Northparkes where nine intrusive phases have been recognised, emplaced within 
a 9 million year window from 446 Ma (Lickfold et al., 2003). The spatial proximity 
and intersection of multiple intrusive phases may be in part explained by structural 
controls which act to direct the migration of ascending melts.  
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Figure 5: Summary of porphyry emplacement processes. [A] A subducting slab undergoes low-T high-P 
metamorphism which converts hydrous minerals into anhydrous minerals. The excess water is injected into the 
overlying mantle wedge acting as a flux to induce partial melting. [B] This melt ascends and pools at the base 
of the crust, resulting in assimilation and production of hybrid melts. [C] The melts rise through the crust primarily 
as dykes until shifting stress regimes and approach to neutral buoyancy results in their accumulation as plutons. 
[D] These plutons act as precursors for one or more vertically elongate porphyries which reach water saturation 
by first boiling to produce an H2O saturation carapace (purple). This causes an expanse in volume and hydro-
fracturing which act as conduits for fluid migration. Hydrothermal fluids may then alter and precipitate a range 
of mineral assemblages throughout the intrusion and country rock and may produce hypogene ore. 
[A] after Richards (2011), [B] after Richards (2003), [C] after Sillitoe (2010), [D] after Burnham (1997).    
 
3.4. Magma Freezing and Release of Hydrothermal Fluids 
 
3.4.1. Emplacement level 
Deposit scale features of porphyry copper systems are largely the result of 
hydrothermal processes, thus dissolved water within the source melt must be a 
prerequisite for their formation. The amount of water that can be dissolved into a 
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silicate melt is largely a function of pressure where increasing pressure allows for 
higher volumes of water. If the melt reaches water-saturation, i.e. the maximum 
capacity of dissolved water, a vapour phase is exsolved from the melt 
(Sillitoe, 2010). This may be instigated by pressure decrease or crystallisation of 
anhydrous minerals, termed first and second boiling respectively, which further 
enriches the melt in water (Burnham, 1997, and references therein). Section 3.2.1 
discusses the addition of water to the mantle wedge which acts as a flux, lowering 
the solidus temperature and ultimately bringing about partial melting. The reverse 
is also true, in that the removal of water from a melt will increase the solidus 
temperature, thus promoting crystallisation or freezing. The greater the initial water 
content, the earlier water-saturation is reached and the greater the disparity 
between anhydrous and fluxed solidi.  
The initial water content of a melt is considered a function of the relative 
weight percent of hydroxyl groups of the hydrous minerals from which H2O is 
derived. Anatexis of a muscovite-rich source rock may produce melts enriched in 
7-8 wt% dissolved water, whereas if the source rock is biotite rich it may be only 
3-4 wt%, or less still at 2-3 wt% if sourced from amphibolite (Burnham, 1997). This 
has been related to the depth of emplacement where a hydrated melt will intersect 
the water-saturated granite solidus and freeze at ~15 km, <4 km and <2 km 
respectively (Hyndman, 1981, Robb, 2005). The magmas that reach the shallowest 
levels are likely to reach first boiling and subsequently undergo rapid rates of 
crystallisation to produce classic porphyritic textures, hydraulic fracturing of the 
country rock and alteration and precipitant mineral assemblages which may include 
copper-sulfides. Therefore, though dissolved water is a prerequisite for the 
formation of porphyry deposits, the initial water content must be low enough to allow 
migration to high structural levels in the crust.  
3.4.2. Hydrothermal alteration 
Magmas that reach shallow emplacement levels, typically <5 km, may reach 
water-saturation by first boiling. The resultant water vapour phase rises to form a 
carapace along the outer and upper portions of the porphyry. This process is 
synonymous with an expanse in volume and therefore an increase in the exerted 
force. This force commonly exceeds the confining pressures of the country rock 
resulting in hydraulic fracturing to produce dykes and brecciated rock. These then 
- 23 - 
 
act as focusing conduits for the migration of fluids which alter and precipitate a 
range of mineral assemblages. The intensity of reaction increases with proximity to 
such focusing conduits and of course, the exsolving porphyry itself.  This is not to 
say the extent of alteration is limited or confined however, porphyry deposits are 
well-characterised by mass volumes of zoned hydrothermally-altered rock, 
anywhere from 10 to >100 km3 (Sillitoe, 2010). 
The relative quantities and speciation of hydrothermal mineral assemblages 
are a function of the temperature, pressure, primary rock composition, primary fluid 
composition and the ratio of fluid to rock (water/rock ratio) that takes part in a 
reaction. Temperature and pressure govern mineral stabilities, though in this setting 
the thermal input of the porphyry is more influential than the relatively stable 
pressure. The primary rock and fluid compositions determine the nature of reactions 
and the water/rock ratio governs the duration, intensity and extent of alteration 
(Reed, 1997). These factors typically produce five distinct alteration zones which 
rising from the porphyritic stock are sodic-calcic, potassic, chlorite-sericite, sericitic 
(phyllic) and argillic. This idealised zonation also corresponds to decreasing age of 
alteration, with the exception of argillic alteration. It is common for the typically 
shallower and younger alteration assemblages to overprint older alteration zones 
in deeper areas as the system cools and reduces in net water/rock ratios (Reed, 
1997, Sillitoe, 2010). The following are brief summaries of the named alteration 
zones.      
1) Argillic alteration is largely represented by the alteration of feldspars to 
clay minerals such as kaolinite and smectite, with remnant quartz. These zones do 
not impact upon ore potential and may be easily eroded. They may however be a 
useful exploration indicator if preserved.  
2) Sodic-Calcic (or magnetite) alteration is not always present, perhaps due 
to poor preservation and overprinting. It forms a tight zone within the country rock 
immediately surrounding the intrusion, usually at greatest depth. The alteration 
assemblage is characterised by the replacement of primary K-spar by sodic-
plagioclase ± epidote and replacement of hornblende and biotite by actinolite. 
Sulfides are usually absent, although magnetite is commoner (Sillitoe, 2010). This 
zone is commonly confused and often overprinted with the better represented 
potassic alteration. 
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3) Potassic alteration typically occurs adjacent to the mid to upper portions 
of the porphyry. It constitutes biotite and/or K-spar products via the alteration of 
plagioclase. It is strongly associated with chlorite and sericite, either as part of the 
potassic alteration assemblage or a later overprint. Chalcopyrite ± bornite is 
generally confined to the potassic zone representing the dominant hypogene ore.  
4) Chlorite-Sericite alteration produces pale-green rocks due to the alteration 
of mafic minerals to chlorite and particularly the sericitization of plagioclase, 
producing fine laths of muscovite. Pyrite and chalcopyrite may be precipitated 
during this process. Sericite (or phyllic) alteration typically overprints much of the 
chlorite-sericite and potassic alteration zones. Early to late stage sericite alteration 
produces a colour gradation from green to white reflecting shifting chemistries. 
Earlier assemblages may be associated with ore-grade chalcopyrite-bornite 
assemblages produced under conditions of low-sulfidation. 
5) Propylitic alteration typically occurs as the most exterior and voluminous 
zone, though water/rock ratios are typically very low (Reed, 1997). This is due to 
the near or complete exhaustion of magmatic fluids and the increased dominance 
of meteoric and connate waters (Sillitoe, 2010). Characteristic assemblages 
comprise dominant chlorite and epidote with associated albite and calcite, though 
the net whole-rock chemistry is unlikely to have changed significantly from its 
primary composition (Reed, 1997).  
 
Figure 6: Simplified anatomy of porphyry related alteration zones. Lithocaps are synonymous with argillic zones, 
though are typically located directly above intrusive centres. The porphyry may be composed of multiple 
intrusions with varying temporal proximity to the mineralisation phases. Also listed is hematite alteration of the 
porphyry stock, as may be the case for highly oxidised melts such as for Cadia and Northparkes. After (Sillitoe, 
2010)  
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PORPHYRY SYSTEMS: METALLOGENIC EVOLUTION 
Chapter Four 
4.1. Introduction 
This chapter makes up part 2 of the overview on porphyry systems and 
focuses on the evolution of sulfur and associated metals within the context of the 
previous chapter. The topic is introduced in this way, emphasising sulfur rather than 
explicitly naming copper, because although the economic interest commonly lies in 
the extraction of copper, porphyry deposits are first and foremost massively 
anomalous concentrations of sulfur. For example, the El Salvador porphyry is 
estimated to contain nearly one billion tonnes of sulfur (Gustafson and Hunt, 1975).  
During processes of crystallisation of a melt or partial melting of a rock, an 
element may behave either compatibly or incompatibly. That is, to concentrate 
preferentially within a crystal lattice or to remain dissolved in the melt. The Bowen’s 
reaction series is the best known and understood example of this process where 
compatibility is recorded as a function of temperature. A mafic melt, progressively 
cooled from initially high temperatures will crystallise calcic-rich and mafic minerals 
because calcium is compatible under these conditions. Potassium, which is 
incompatible at high temperatures is preferentially concentrated within the 
remaining melt until temperatures are low enough to support their inclusion within 
a crystal lattice. A range of factors influence the compatibility of an element, namely 
its atomic radii and charge, the prevailing pressure, temperature and the 
composition of the various constituents (Goldschmidt, 1937, Robb, 2005). 
It has been found that over a very broad range of temperatures and 
pressures, there are certain elements to which others preferentially bond. 
Goldschmidt (1937) classified a range of elements in terms of their compositional 
affinity. Of relevance here are lithophile, siderophile and chalcophile. Lithophile 
elements are those which typically bond in silicates with elements such as sodium 
and calcium. Siderophile elements are those which bond with iron such as platinum 
and molybdenum. However, siderophile affinities are often weaker than chalcophile 
affinities, that is, the tendency to bond with sulfur. Chalcophile elements include 
those such as cadmium, selenium, tellurium, iron, zinc, lead, molybdenum, nickel, 
gold, silver and copper. It is this chalcophile behaviour that allows anomalous 
concentrations of copper and other metals to be concentrated in porphyry deposits. 
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Therefore, the abundance and behaviour of sulfur throughout the evolution of a 
porphyry system is paramount to the economic concentration of chalcophile metals.   
 
4.1. Mantle Processes 
 
4.1.1. The source of sulfur 
Section 3.2.1 describes the process of slab dehydration and input of H2O 
into the overlying mantle wedge. This process is thought to also introduce sulfur 
and potentially other metals. With respect to sulfur, three main lines of evidence 
exist; the high volume of sulfur, the enrichment in 34S and the high oxygen fugacity 
of arc melts, when compared to mid-ocean ridge basalt (MORB) and plume-related 
magmas (Wallace and Edmonds, 2011).  
The sulfur concentration within MORB source regions has been estimated 
at 146 ± 35 ppm (Saal et al., 2002) and primitive mantle at ~70 – 120 ppm (Lorand 
et al., 2003). Concentrations within the mantle wedge however, have been 
estimated at 256 – 465 ppm. Mass balance modelling based upon 15% partial 
melting of a MORB source mantle produced values up to 150% deficient in sulfur 
relative to the mantle wedge. The main source of sulfur in primitive arc magmas 
must therefore be derived from elsewhere (De Hoog et al., 2001a). The obvious 
solution that would satisfy the mass balance deficiency is that sulfur contained 
within the oceanic lithosphere, which exists as both as sulfide and sulfate (Alt, 
1995), must behave incompatibly and transfer to the mantle wedge during 
subduction.  
Along with the enrichment of sulfur quantities, sulfur isotopes within arc 
basalts are also enriched in 34S at around +3 to +5‰ referenced to Canyon Diablo 
Troilite (CDT), assuming isotopic shifts via degassing does not significantly occur 
(De Hoog et al., 2001a, De Hoog et al., 2001b). In contrast, 34S values within MORB 
are less so at only +0.3 ± 0.5‰ CDT (Sakai et al., 1984). Despite alteration by 
seawater (+21‰), the mean 34S of oceanic crust is only +0.9‰ which was 
interpreted as an unlikely source of 34S enrichment in arc magmas (Alt, 1995). 
Deep-sea sediments however can be enriched in 34S as high as +12‰ (Alt and 
Burdett, 1992) which has been interpreted by some as the source of 34S enrichment, 
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though little is known about the nature of sediment subduction (De Hoog et al., 
2001a, Wallace and Edmonds, 2011). Regardless of its positioning within oceanic 
lithosphere, seawater sulfate is generally considered to be responsible for 34S 
enrichment in arc magmas (Wallace and Edmonds, 2011).  
A third line of evidence for subduction-introduced sulfur is the highly oxidised 
nature of arc melts. For example, Fe3+/∑Fe ratios demonstrate that arc melts are 
significantly more oxidised than MORB. Oceanic lithosphere indeed undergoes 
hydration and oxidation via interaction with seawater as it migrates towards a 
subduction zone. It is possible that H2O rich fluids produced via slab dehydration 
may directly transfer Fe3+, or, fluid-mobilised sulfur may itself oxidise the mantle 
wedge (Kelley and Cottrell, 2009). The oxidation state of arc melts has been 
suggested to be quite high and can be >FMQ +2 (log units above the fayalite-
magnetite-quartz buffer), though may be highly heterogeneous (Liu et al., 2014). 
This is consistent with slab dehydration, where the volume of volatiles released 
varies with depth and configuration of the subduction zone. 
4.1.2. Sulfide-sulfate stability 
The source of chalcophile metals is less constrained with possible sources 
including the subducting slab, the overriding crust and the mantle wedge itself. 
There is some evidence to suggest that primary arc melts are in fact not enriched 
in chalcophile elements relative to MORB and that their metal endowment is not 
derived from the subducting slab (Jenner et al., 2010). This issue is less contentious 
however, as the mantle wedge already contains significant quantities of chalcophile 
elements (Richards, 2011). More significant is the phase stability of sulfur 
compounds. Chalcophile elements, including copper, preferentially bond with sulfur 
in the form of sulfide, not sulfate. Sulfide dominated melts transition to sulfate 
dominated with increasing FMQ up to around +2 log units (Jugo et al., 2005) which 
overlaps with the high oxygen fugacity of primary arc melts. If sulfide was stable 
within the mantle wedge and/or during MASH fractionation processes, then 
chalcophile elements would preferentially bond with sulfur. This represents the 
removal of chalcophile elements from the ascending melt, therefore rendering 
elements such as copper unavailable for concentration within porphyry systems at 
accessible shallower crustal levels (Richards, 2011). 
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Hypogene mineralisation within shallow porphyries must therefore be 
controlled by the reduction of sulfate (SO42-) to sulfide (H2S, HS-, etc.). It has been 
shown that the crystallisation of magnetite coincides with sulfide saturation in arc 
environments (Jenner et al., 2010) which may produce a magmatic immiscible 
sulfide melt, discussed in the proceeding section. The processes responsible for 
sulfide-sulfate stability within hydrothermal fluids have been described by Sun et al. 
(2013) as a function of magnetite-hematite crystallisation, oxygen fugacity and pH 
(Figure 7). The formation of magnetite decreases pH and increases oxygen fugacity 
(Eq.4.1 and 4.2). Depending on starting conditions, this may produce HS-, 
promoting sulfide mineralisation. Magnetite may be subsequently oxidised to 
hematite which increases pH and lowers oxygen fugacity (Eq.4.3). The alternate 
formation of magnetite and hematite forms the hematite-magnetite buffer which 
may produce intergrowths of the two minerals. The reduction of S3− is facilitated by 
the oxidation of ferrous-iron into magnetite and additional HS- (Eq.4.4). If this 
reaction is sustained it may drive the stability of sulfur into the H2S field promoting 
further sulfide precipitation. Magnetite formed during this final process is noted to 
commonly coexist with sulfide. 
 
 
 
Figure 7: Sulfur stabilities as a 
function of oxygen fugacity and 
pH. Yellow fields represent 
optimum conditions for the 
formation of sulfide minerals. 
FMQ = fayalite-magnetite-quartz 
buffer, HM = hematite-magnetite 
buffer. See text for details and 
equations 4.1 to 4.4. After Sun et 
al. (2013). 
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Eq.4.1  12Fe2+ + SO42- + 12H2O  4Fe3O4 + HS- + 23H+ 
Eq.4.2  6SO42- + 52H2O + 57Fe2+ 2S3- + 19Fe3O4 + 104H+ 
Eq.4.3  38Fe3O4 + 6SO42- + 5H2O  57Fe2O3 + 2S3- + 10OH- 
Eq.4.4  2S3- + 20H2O + 15Fe2+  6HS- + 5Fe3O4 + 34H+ 
These processes may occur concurrently with the alteration of other 
minerals. For example, biotite may be altered to chlorite (Li et al., 1998). This 
releases excess Fe2+ which may be incorporated into chalcopyrite, or pyrite if Cu+ 
is absent (Eq.4.5). Such processes explain the occurrence and textural 
relationships of hypogene ore within particular alteration mineral assemblages such 
as sericite zones.   
Eq.4.5 4KMgFe2AlSi3O10(OH)2 + 2Cu+ + 4HS- + O2 + 8H+   
2Mg2Fe3Al2Si3O10(OH)8 + 2CuFeS2 + 6SiO2 + 2H2O + 4K+ 
 
4.2. Silicate-Sulfide Immiscibility 
 
4.2.1. Sulfide saturation in silicate melts 
Sulfur may be dissolved into a magma as sulfate as a function of oxygen 
fugacity or as sulfide by displacing oxygen bonded with ferrous iron (Robb, 2005). 
The solubility of sulfide has been experimentally tested within the ternary system 
SiO2-FeO-FeS and over a large portion of the system, sulfide and silicate liquids 
coexisted immiscibly (2-liquids field; Figure 8) (MacLean, 1969). The solubility of 
sulfide within a silicate melt increases with increasing temperature and FeO content 
and decreasing pressure and SiO2 content. Sulfide saturation may be reached by 
a shift in one or more of these factors to produce an immiscible sulfide melt. With 
respect to Maclean’s ternary, this may be caused by the crystallisation of fayalite 
(Fe2SiO4) which drives the residual melt composition towards the 2-liquids field. In 
arc environments, FeO may be removed from a highly oxidised arc magma by the 
crystallisation of magnetite. This would convert the majority of sulfate to sulfide, 
triggering sulfide saturation (Jenner et al., 2010). The onset of sulfide saturation 
may also be brought about by magma mixing, as was the case with the Bushveld 
Complex (Naldrett and Von Gruenewaldt, 1989). As discussed in the previous 
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chapter, porphyries may be comprised of multiple intrusive phases which may be 
important for the production of immiscible sulfides in this setting. 
 
 
4.2.2. Partitioning of Metals 
The chalcophile behaviour of elements such as copper results in the extreme 
partitioning of these metals into a sulfide solid or melt phase relative to a coexisting 
silicate melt phase. The partitioning of a trace element between two phases in 
equilibrium is expressed by Eq.4.6 (Campbell and Naldrett, 1979).  
Eq.4.6  Di =
wt% of element i in phase A
wt% of element i in phase B
 
The partitioning of copper between sulfide and silicate melt, DCu
Sulfide/Silicate 
may be as high as 10,000 (Halter et al., 2002). When concerning sulfide minerals, 
pyrrhotite may contain up to 7 wt% copper with partition coefficients between 
pyrrhotite and a rhyolitic melt, DCu
Po/melt, of up to 3300 (Jugo et al., 1999). An 
important consideration with respect to partition coefficients is the R factor 
(Campbell and Naldrett, 1979). This factor is an expression of the relative mass of 
each phase which interact, where equal mass has an R value of 1. Where both a 
sulfide melt globule and its surrounding silicate melt are static, the partitioning of 
Figure 8: SiO2-FeO-FeS phase 
equilibria showing the large field 
of silicate-sulfide immiscibility 
represented by the 2 liquids field. 
Cr = cristobalite, Tr = tridymite. 
Redrawn and simplified after 
MacLean (1969) 
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metals between each phase is limited to the presenting surfaces and the depth of 
interaction and the R value is therefore low. Where a sulfide melt and/or its 
surrounding silicate melt are not static, a greater mass of each phase is available 
for interaction and so the R value is high. This can be just as significant as the 
partition coefficient itself, particularly where a silicate melt is poor in chalcophile 
metals and greater interaction is required to transfer significant metal quantities to 
a sulfide phase.   
4.2.3. Immiscibility as an ore forming process 
Silicate-sulfide immiscibility is best known for its significance within mafic-
ultramafic hosted ore bodies. This is probably due to its direct participation in ore 
forming processes. For example, komatiite flows may produce in-situ nickel-rich 
sulfide melt globules which sink due to their relatively high density and the low 
viscosity of melt (Frost and Groves, 1989). They are also thought to have been 
responsible for the scavenging of platinum within the Bushveld Complex (Naldrett 
and Von Gruenewaldt, 1989). In porphyry systems however, the ultimate 
mechanism of hypogene mineralisation is via hydrothermal transport. The 
hydrothermal fluids which exsolve upon porphyry emplacement contain carbon 
dioxide, sulfur and chloride complexes such as NaCl, HCl, KCl. Such fluids are 
typically estimated to contain up to 1.3 wt% Cu and 0.3 wt% Fe (Richards, 2011, 
and references therein). Chlorine is thought to be a major transport ligand in the 
mobilisation of chalcophile elements, though such high required solubilities exceed 
experimental observations of Candela and Holland (1984). Recent work has begun 
to examine to the potential of other volatile ligands such as sulfur to increase the 
solubility of chalcophile elements in hydrothermal fluids (Richards, 2011).  
It has generally been assumed that hydrothermal fluids source their copper 
content directly from the silicate melt. However, based on the current level of 
understanding of porphyry evolution, it remains plausible that an immiscible sulfide-
melt phase may promote, or perhaps be essential to, the formation of porphyry 
copper deposits. This is the central issue in this thesis. During deep crustal and 
mantle processes, the formation of sulfides effects the removal of copper from the 
ascending silicate melt and can therefore be considered destructive to ore potential. 
In the case of highly evolved and shallowly emplaced magmas, the formation of an 
immiscible sulfide melt may constitute a pre-enrichment process (Wilkinson, 2013). 
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Consider a shallowly emplaced silicate melt which contains some quantity of copper 
and sulfur. If an immiscible sulfide melt phase is produced, the concentration of 
copper and sulfur becomes far higher within a relatively small volume of melt due 
to the extreme partitioning of chalcophile metals into this phase. Any proceeding 
hydrothermal fluids may extract coper and sulfur from the sulfide-melt and therefore 
be of far higher grade than if it sourced the same copper and sulfur from an 
equivalent unit volume of the silicate melt (Figure 9).   
If this process were to occur, it would require the sulfide phase to be 
available to subsequent hydrothermal fluids, otherwise it may effect ore-depletion. 
Degassing textures of magmatic sulfides in arc environments which have been 
partially or completely converted to oxide are considered to reflect interaction with 
hydrothermal fluids (Keith et al., 1997, Nadeau et al., 2010, Stavast et al., 2006). 
Further, this process would require the sulfide melt phase to be volumetrically 
significant and if so, it should produce compositionally equivalent hypogene ore, 
assuming negligible influence from country rock. Au/Cu ratios of sulfide inclusions 
within amphibole have been shown to be consistent with the bulk Au/Cu ratios of 
the Bajo de la Alumbrera porphyry and of the earliest fluid inclusions prior to its 
mineralisation (Halter et al., 2002). It therefore seems entirely plausible that a 
sulfide melt phase may be the dominant control on the composition of hydrothermal 
fluid and subsequent hypogene ore of copper porphyries. This theoretical process 
demands the destruction of the sulfide melt via hydrothermal stripping of sulfur and 
metals. Therefore, the study of the formation and evolution of sulfide melts requires 
their inclusion and preservation within stable minerals such as zircon as studied 
within this thesis.   
The hypothesis of pre-enrichment would benefit from the examination of 
barren porphyries. If immiscible sulfide phases exert the dominant control upon the 
sulfur and metal budget of hydrothermal fluids, it is possible that some barren 
porphyries may not be mineralised due to water-saturation having been reached 
prior to sulfide saturation. If this is the case, perhaps barren porphyries contain 
magmatic sulfides which do not display degassing textures.   
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Figure 9: Hypothetical process of 
hydrothermal stripping of copper and 
sulfur from an immiscible sulfide melt. 
Yellow areas represent high Cu-S 
concentrations whereas orange areas 
deficient in Cu-S. The process may 
leave residual iron-oxides if the sulfides 
are not fully dissolved.    
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WHOLE ROCK PETROLOGY 
Chapter Five 
5.1. Petrography 
 
5.1.1. Overview 
Except where noted in proceeding sections, the petrography of each 
composite appears consistent with published petrographic descriptions (e.g. Cadia; 
Blevin, 2002, Holliday et al., 2002, Northparkes; Blevin, 2002, Heithersay and 
Walshe, 1995, Lickfold et al., 2003, Copper Hill; Blevin, 2002, Chivas, 1976, Chivas 
and Nutter, 1975, Scott, 1978). Each composite has clearly undergone differing 
fractionation histories best expressed by the occurrence of quartz phenocrysts. 
These appear at ~60-63 wt% SiO2 at Copper Hill, infrequently from ~67 wt% at 
Northparkes and are not observed at Cadia, rather appearing interstitially within the 
groundmass. Table 1 describes the overall occurrence of primary minerals and 
alteration styles as observed here.  
 Cadia Northparkes Copper Hill 
Clinopyroxene EP - - 
Plagioclase EP EP EP 
Alkali Feldspar LP-H EP-LP-H LP 
Hornblende EP-H H EP 
Quartz LP-H LP-H EP-H 
Alteration Styles HM-PC-SC-PP-CH HM-PC-SC-PP-CH SC-PP-CH 
 
Table 1: Occurrence of primary mineralogy and alteration styles. EP: Early Primary; LP: Late Primary; 
H: Hydrothermal Product; HM: Hematite; PC: Potassic; SC: Sericite; PP: Propylitic; CH: Chlorite 
The composites display similar alteration styles as can be expected from 
multiple porphyries, particularly those within the same province. Differences may 
arise due to the volume of the system, particularly of the volatile content, and any 
differences in country rock composition. A common feature not fully described for 
each composite below is the silicification of each system. Hydrothermal alteration 
commonly produces minerals with lower SiO2 content than the original mineral and 
the excess silica precipitates as quartz. This can be explained by Eq.5.1 (Robb, 
2005) which describes the sericitization of orthoclase to produce muscovite and 
excess SiO2. Also produced are potassium ions which may further promote potassic 
alteration. The resultant quartz may be present as fine grains surrounding the 
degraded mineral as described for Cadia.  
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Eq.5.1  3KAlSi3O8 + 2H+ ↔ KAl3Si3O10(OH)2 + 6SiO2 + 2K+ 
A repeated theme is the observation that heavily altered samples contain 
relatively unaltered grains which appear to have grown out of some primary mineral. 
The contact boundary is commonly diffuse, irregular and encroaching upon the 
altered specimen. The assumption can be made that these relatively fresh minerals 
were produced as a product of hydrothermal alteration and not prior to, else they 
would have suffered similar degrees of degradation.  
5.1.2. Cadia composites [CA01 and CA02] 
The Cadia composites (10 samples) are comprised of monzodiorite to 
monzonite rocks, with one sample of aplite. Excluding the aplite, the composites 
can be broadly characterised as being equigranular to sub-porphyritic containing 
fairly low quartz, moderately high plagioclase, hornblende and alkali feldspar 
contents, all having suffered multi-stage alteration events.  
Where clinopyroxene is observed, it shows extensive alteration to sericite 
with decreasing intensity from outer edges towards the relict core. Some original 
features are preserved and early growth is shown by relatively large euhedral 
habits. Hornblende forms interlocking to interstitial grains and may be simply 
twinned. Plagioclase are commonly euhedral where boundaries are preserved. 
They often display albitisation as diffuse pale rims around relict cores or potassic 
alteration as irregular patches of alkali feldspar. Twinning planes can appear 
truncated which may indicate the extent of alteration. Late stage magmatic 
orthoclase forms interstitial grains, often as poikilitic enclosures of smaller and 
earlier formed pyroxenes and other minerals (quartz absent). These infrequently 
show perthitic (mesoperthitic?) exsolution textures. Early quartz is not convincingly 
observed and rather appears within fine groundmasses and presumably late stage 
crystallisation. The single occurrence of aplite does contain more quartz, as can be 
expected. Except where present as veins, hydrothermally produced quartz tends to 
display diffuse boundaries and frequently concentrate as borders around altered 
grains. Although the primary groundmass composition is often made ambiguous by 
alteration products, it generally appears dominated by quartz and plagioclase, 
whereas alkali feldspars become dominant in aplite.  
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At Cadia, magmatic biotite is regarded to predate magmatic amphibole in 
dioritic rock (Blevin, 2002). Interstitial biotite is observed to encompass pyroxene in 
the absence of amphibole. In some cases however biotite appears significantly less 
altered than surrounding material. It is possible that such biotites were formed via 
potassic alteration. Acicular actinolite forms in radiating patches within 
monzodiorites. These are adjacent to and encapsulate clusters of grains 
resembling zircon and titanite. These actinolites may represent a sodic-calcic 
alteration stage (Reed, 1997). Similar actinolites can be seen adjacent to what may 
be sodic plagioclase, consistent with calcic-sodic alteration of primary hornblende 
and orthoclase.  
Propylitic assemblages within the Cadia composites include epidote ± 
carbonate veins, carbonate overprinting of plagioclase, chlorite and radial growths 
of prehnite. Epidote veins cut across and therefore postdate broader quartz veins 
reflecting cooling and dewatering of the hydrothermal system. Chlorite is strongly 
associated with sulfides ± magnetite and exists as overprints of former grains 
(e.g. plagioclase) and as radial patches. The chlorite does not appear spatially 
related to epidote however and may represent varying proximity to thermal centres. 
Cooke et al. (2007) highlights that at Cadia, several episodes of propylitic alteration 
exist which had complex distribution. Prehnite and carbonate form together which 
have encompassed clusters of titanite and possibly zircon. They have also 
encompassed primary grains such as plagioclase which appear to have suffered 
less sericite alteration than equivalent grains external to the prehnite-carbonate. It 
is possible that these grains were shielded from sericitization by their encapsulation, 
however more likely reflects proximity to unidentified veins from which gradational 
sericite alteration progressed. Sericite varies in intensity from light dusting of 
plagioclase to texturally destructive overprinting. Hematite dusting is pervasive 
throughout the majority of the composites and is most concentrated within alkali 
feldspars.  
One occurrence of macro fluorite was observed on the outer surface of a 
hand specimen. Much of the fluorite has broken off the sample, though it appears 
to have been vein fillings. Chalcopyrite is also visible in hand specimen as 
disseminations and thin veneers within veinlets.  
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 CA01 #X1; XPL, 4x 
 
 CA01 #14; XPL, 4x 
 
  
 CA01 #14; XPL; 4x 
 
 CA02 #10; XPL; 4x 
 
  
 CA02 #22; PPL; 20x  CA02 #22; XPL, 10x 
 
Figure 10: Photomicrographs of thin sections of the Cadia composites CA01 and CA02. AFS alkali feldspar, 
Cb carbonate, Ser sericite, Pl plagioclase, Ep epidote, Chl chlorite, Cpx clinopyroxene, Zrn zircon, Ttn titanite, 
Act actinolite, Prh prehnite. 
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5.1.3. Northparkes composite [NP01] 
The Northparkes composite (6 samples) is dominated by a suite of 
monzonite to quartz-monzonites (Blevin, 2002). The samples are more distinctly 
porphyritic than those of the Cadia composites and can be characterised by 
phenocrysts of plagioclase up to 1 cm long, a fine groundmass dominated by quartz 
and alkali feldspar and prolific hematite alteration.  
Plagioclase often shows complex to oscillatory zoning and poikilitic 
enclosure of earlier and smaller grains. Complexly zoned plagioclase may show 
diffuse and irregular boundaries, although there is a lack of any bordering alteration 
products such as quartz which would be expected from hydrothermal alteration. 
This feature is also recognised by Blevin (2002) who interpreted it to represent 
peritectic magmatic resorption under low pressure and saturation of H2O and SiO2. 
There are rare magmatic quartz phenocrysts in more siliceous rocks, however most 
of the quartz is confined to the groundmass. 
Much of the primary mineralogy is difficult to identify due to the high degree 
of sericitization and degradation of original textures. Early sericite is easily 
recognised in hand sample as green hues upon visible grains. Biotite occurs as 
large interstitial grains, extensively replaced by chlorite. It is unclear whether the 
biotite represents magmatic growth or a potassic alteration product. Texturally 
destructive chlorite alteration is seen to completely overprint multiple adjacent 
grains. These chlorites are associated with and encompass sulfide ± magnetite. 
Amphibole is not identified with certainty as primary minerals, they are far better 
preserved than the surrounding material. In some instances, amphibole appear to 
grow out from heavily altered grains, adjoined by diffuse boundaries. Like chlorite, 
amphibole is strongly associated with concentrations of opaque minerals. 
Amphiboles are therefore believed to be a hydrothermal alteration product. 
Plagioclase is preferentially affected by potassic alteration, expressed as 
overgrowth rims of alkali feldspar which encroach upon remnant cores. Primary and 
secondary alkali feldspars have accommodated the majority of strong hematite 
alteration which is pervasive throughout the composite. This displays as dense 
dusting of grains in thin section and gives the hand samples a pinkish hue. 
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The samples contain multi stage quartz veins where the grain size is largest 
in the earliest fractures. In polished section NP01_#04, carbonate can be seen 
strongly associated with chalcopyrite dominated mineralisation which in-fills dog-
tooth quartz veins. Mineralisation is largely concentrated to vein centres, as is 
epidote, with dissemination of bornite and chalcopyrite beyond the fracture 
boundaries. Anhydrite (and/or gypsum) and barite are present throughout the 
sample, reflecting the high level of oxidation of the source melt. Several centimetres 
from the dog-tooth vein, a zircon grain was first identified by its fracture morphology 
and reflectance and later confirmed by SEM-EDS. It contains sulfide and sulfate 
inclusions along with various other minerals. For further discussion see 
section 7.3.2.  
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Figure 11: Photomicrographs of thin sections of the Northparkes composite NP01. Afs alkali feldspar, 
Pl plagioclase, Chl chlorite, Mag magnetite, Hbl hornblende, Cb carbonate, Cp chalcopyrite, Qtz quartz, 
Hem hematite, Sul sulfide. 
5.1.4. Copper Hill composite [CH01] 
The Copper Hill composite (4 samples) differs from that of Cadia and 
Northparkes being composed of diorite and dacite. All samples display phenocrysts 
of quartz, plagioclase and hornblende within a groundmass of largely quartz and 
plagioclase.  
Quartz phenocrysts are best displayed within dacite and show varying 
degrees of crystallinity. Some are fractured and the most anhedral quartz 
phenocrysts have irregular chaotic boundaries in-filled by sericite via hydrothermal 
alteration. No occurrences of pyroxene were identified or suspected from relict 
habits of pseudomorphed grains. Blevin (2002) identified pyroxene only within 
samples with <56 wt% SiO2 whereas this composite ranges from ~60-63 wt%. 
Biotite is also not observed or interpreted from relict habits, though destructive 
overprinting may have hindered its identification. Plagioclase and hornblende form 
euhedral grains and appear to have grown unencumbered, only occasionally 
interlocking. Both are heavily overprinted by sericite, chlorite and carbonate ± 
epidote.  
Plagioclase is most readily recognised by degraded multiple twinning planes.  
As with Cadia, these are in some instances truncated which may indicate the limit 
of albitization. Albitization appears to be an early alteration stage that was later 
overprinted by sericite. Sericitization varies in intensity and commonly coexists with 
chlorite only alteration. In one sample, sericite exists as light dusting of plagioclase 
whereas hornblendes have been entirely replaced by chlorite and associated 
Afs 
Pl 
Chl 
l 
Pl 
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opaques, recognisable only by relict habits. It has been previously noted that 
sericite grades into chlorite dominated alteration with distance from Copper Hill 
(Scott, 1978). Carbonate is also observed to strongly overprint primary minerals. 
This commonly coexists with sericite ± chlorite alteration and may itself be dusted 
with sericite. It would therefore appear that sericitization continued after the 
cessation of carbonate alteration. Carbonate also constitutes the dominate vein 
filling mineral, though veins were not observed in any great density.    
Minor apatite was observed in association with opaque minerals, perhaps 
coincidentally. Opaque minerals although common, are far less abundant than 
within Cadia and Northparkes. No convincing hematite alteration was identified and 
if present, must represent an insignificant contribution to the net alteration 
geochemistry.  
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Figure 12: Photomicrographs of thin sections of the Copper Hill composite CH01. Afs alkali feldspar, 
Pl plagioclase, Mus muscovite, Cb carbonate, Chl chlorite, Qtz quartz, Ser sericite, Ap apatite.  
 
5.2. Geochemistry 
 
5.2.1. Inheritance from slab dehydration  
The REE composition of each composite has been normalised to N-type 
MORB (Sun and McDonough, 1989) (Figure 13). High Field Strength Elements 
(HFSE) such as Nb and Ti are deficient relative to the Large Ion Lithophile Elements 
(LILE) Cs, Rb, Ba, U, K and Pb. This is interpreted as the relict signature of the 
subducting slab from which initial fluids were derived. The greatest deviation from 
trend, particularly regarding Pb, is due to the inclusion of a single aplite sample 
within the Cadia composite which represents the most differentiated melt fraction. 
Also noteworthy is the somewhat dual trend of Zr, where some samples are 
enriched and others deficient relative to one another. This may be due to zircon 
saturation (Section 5.3.1). 
As discussed (Section 3.2.1), dehydration of a subducting slab causes 
hydrous minerals to undergo low-temperature high-pressure metamorphism, 
progressively producing mineral assemblages of lower water content. The excess 
water is released into the overlying mantle wedge resulting in fluxed partial melting 
of the asthenosphere. This melt subsequently undergoes a series of complex 
processes throughout crustal ascent and may reach shallow emplacement levels 
as porphyries. The process of slab dehydration is akin to partial melting processes 
where an element may behave compatibly or incompatibly. High field strength 
elements such as Nb and Ti have low solubilities under typical conditions within 
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subduction zones and behave compatibly. These may be retained within minerals 
such as residual rutile (Brenan et al., 1994) within the subducting slab or 
titanoclinohumite within the overlying mantle wedge (Friend and Nutman, 2011). 
Large ion lithophile elements such as Cs, Rb, Ba, U, K and Pb behave incompatibly 
as they are relatively water soluble under the same conditions (Manning, 2004, 
Richards, 2011). Such elements are therefore concentrated within hydrous arc 
melts and may produce a relict signature such as that observed here. The term 
relict is used as fractionation trends and hydrothermal alteration will have shifted 
the inherited signature.    
 
Figure 13: Logarithmic Rare Earth Element concentrations of each composite location normalised to N-type 
MORB as outlined by Sun and McDonough (1989). Northparkes - red, Cadia [CA01 and CA02] - blue, Cadia 
aplite - light-blue; Copper Hill - green.  
 
5.2.2. Total-alkalis versus total-silica 
Each composite was plotted on a TAS diagram (total-alkalis v whole rock 
silica expressed as quartz, Figure 14). The TAS fields applied were constructed 
using the coordinates outlined by Middlemost (1994) who edited the fields to 
account for igneous classification, whereas TAS diagrams are traditionally utilised 
in the classification of volcanic rocks (Le Bas et al., 1992). Middlemost stated an 
omission of tonalite from his igneous revision of the TAS diagram which would 
Aplite 
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otherwise produce a field between 61 – 65 wt% SiO2, perpendicular to the diorite-
granodiorite boundary which would encompass two samples of the Copper Hill 
composite. In the strictest sense, a TAS diagram is unsuitable for the classification 
of hydrothermally altered or metamorphic rock, as the mobilisation of elements such 
as alkalis may result in misclassifications. However, for the purposes of this study, 
the classification of each sample is reasonably well defined and consistent with 
published classifications of equivalent samples from each location. The suitability 
of the TAS diagram, despite the altered nature of the samples, is due to the 
reasonably large field size of each classification which reduces the required 
precision. Enrichment in total alkalis results in only a vertical and positive shift which 
is easily identified. This is the case for two samples from Northparkes which fall 
within the foid-syenite and syenite fields. This is well explained by the hydrothermal 
production of potassic- and sodic-feldspar observed in thin section, described in the 
preceding sections. The aplite sample from the Cadia composite also plots in the 
syenite field, although this is an appropriate identity given the dominance of alkali 
feldspar. With the above corrections in mind, the Cadia and Northparkes 
composites range from monzodiorite to quartz-monzonite. The Copper Hill samples 
plot from diorite to granodiorite, or andesite to dacite as per the volcanic 
classification.  
Drawn on the TAS diagram are two trend lines, the upper representing both 
Cadia and Northparkes and the lower representing Copper Hill. The trend for 
Copper Hill is drawn after Blevin (2002) who analysed a greater range of SiO2 wt% 
and volume of samples. From the trend lines, Cadia and Northparkes are invariably 
enriched in total alkalis relative to Copper Hill. This may be explained in part by their 
greater degree of potassic and sodic alteration. The consistency of this trend at all 
SiO2 wt% may also implicate differing magmatic processes. Some authors have 
associated this high potassium content as an indication of the shoshonitic affinity of 
the Macquarie Arc Ordovician porphyries (e.g. Lickfold et al., 2007) whereas Blevin 
(2002) argues the net geochemistry is fundamentally calc-alkaline. The 
geochemical datasets of this study are insufficient to contribute in this regard. 
However, it is clear that Cadia and Northparkes share genetic differences in their 
chemistry, alteration styles and fractionation trends with that of Copper Hill. 
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Figure 14: TAS diagram of Na2O + K2O (wt%) against SiO2 (wt%).  = Cadia [CA01 and CA02]. 
 = Northparkes [NP01],  = Copper Hill [CH01].  = Cadia after Holliday et al. (2002),  = Northparkes after 
Lickfold et al. (2007),  = Northparkes after Blevin (2002),  = Mean value for Copper Hill after Blevin (2002). 
Trend lines adapted after Blevin (2002) TAS fields drawn after Middlemost (1994). 
 
  
 
 
Figure 15: Copper, barium and strontium 
concentrations for Cadia CA01  and CA02 , 
Northparkes NP01  and Copper Hill CH01 . 
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5.2.3. Minor elements 
Most noteworthy of the minor element geochemistry is the high 
concentration of barium, strontium and copper (Figure 15). At Cadia and 
Northparkes, some samples approach 1 wt% Cu while samples from Copper Hill 
are limited to <0.1 wt%. Samples from Cadia reach >1000 ppm Ba and >2000 ppm 
Sr. Samples from Northparkes reach >2000 ppm Ba and >1000 ppm Sr. Barium 
and Strontium are limited to approximately 500 ppm at Copper Hill. Presumably, 
the majority of copper is present as sulfide and barium and strontium as sulfate. 
This is best observed in thin section NP01_#04 (Section 7.3.2) where copper 
sulfides have precipitated prior to barite-celestine solid solutions. 
 
5.3. Zircon Crystallisation 
 
5.3.1. Fractionation trends 
Blevin (2002) combined Zr ppm data for Cadia, Copper Hill and Northparkes 
(and broader Goonumbla) as a plot against SiO2 wt%. The plot is adapted here 
combined with data from this study (Figure 16). It was identified that Zr increases 
until approximately 60 wt% SiO2 at which point Zr decreases. Similar trends have 
been described for the Boggy Plains Supersuite at approximately equivalent 
SiO2 wt% (Wyborn et al., 1987). The Cadia samples from this study somewhat 
deviate from the trend observed by Blevin, although it is difficult to assess with such 
a limited dataset. The fractionation trend is due to the early incompatible behaviour 
of Zr resulting in its concentration into increasingly fractionated melts. The solubility 
of Zr within a melt is finite at a given set of conditions and like water and sulfide, the 
melt may reach saturation (Watson and Harrison, 1983). This results in the 
increased precipitation of zircon and the reduction of whole rock Zr ppm with further 
fractionation. Zr may be incorporated into other minerals such as hornblende 
although partition coefficients are low (Sisson, 1994, Watson and Harrison, 1983).  
Section 4.2.1 describes the reduction of sulfate to sulfide as instigated by 
magnetite crystallisation in arc environments. This process produces a similar 
fractionation trend for FeOtotal wt% where it gradually increases until magnetite 
begins to form, at which point FeOtotal decreases as magnetite removes it from the 
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melt. This forces sulfide saturation, represented in Figure 17 by the abrupt removal 
of copper due to its strong chalcophile partitioning (Jenner et al., 2010). A similar 
behaviour has also been shown for gold (Sun et al., 2004). What is interesting is 
that magnetite crystallisation and subsequent sulfide saturation was also 
documented to occur at ~60 wt% SiO2. The inference then is that the production of 
a sulfide melt is not gradual, it is highly rapid (Figure 17). It is likely to form as micro-
scale globules and may over time agglomerate into larger volumes if there is an 
increase in R value (Section 4.2.2). If this is the case, the optimum conditions for 
the inclusion of magmatic sulfides within zircon may be the coincident increase in 
zircon crystallisation with sulfide saturation.   
 
5.3.2. Zr-saturation thermometry 
The solubility of zircon is given by Eq. 5.2 where DZr
Zircon/melt is the 
concentration of Zr within stoichiometric zircon relative to the melt, T is temperature 
in degrees Kelvin and M is the ionic ratio (Na + K + 2Ca) / (AlSi). Pressure and 
water content are not observed to make any significant impact (Watson and 
Harrison, 1983). This equation was rearranged for T (and adjusted to convert kelvin 
to degrees Celsius) which represents the temperature at which zircon saturation is 
 
 
 
Figure 16: (Left) Zr (ppm) vs SiO2.  = Cadia, 
 = Northparkes,  = Copper Hill. Solid shapes 
are data from this study. Open shapes are from 
Blevin (2002). 
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Figure 17: (Right) Fractionation trends of FeO wt% and Cu ppm. At approximately 55 wt% FeO, magnetite 
begins to crystallise in arc environments. This removal of FeO from the melt forces sulfide saturation. Due 
to the extreme partitioning of Cu into sulfides, the Cu concentration of the melt abruptly drops. + = MORB,  
 and  = Arc environments. After Jenner et al., (2010) 
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reached for a particular sample (Eq. 5.3). Despite the potential for hydrothermal 
alteration to have skewed magmatic geochemical signatures, large errors in 
estimates of M have been shown to produce insignificant errors for T (Miller et al., 
2003). Using the molecular masses in Table 2, the concentration of Zr within 
stoichiometric zircon is calculated to be 497,627 ppm (Eq. 5.4). By inputting the 
obtained geochemical data to satisfy the remaining unknowns, T was calculated for 
each sample (Figure 18). Assuming the validity of the model is not significantly 
affected by unidentified parameters, these temperatures provide upper limits to the 
temperature of zircon crystallisation. This also places a theoretical temperature limit 
upon which phases may become included within zircon, such as immiscible sulfide 
globules. For example, the highest temperature of zircon saturation for the 
Northparkes composite is 740°C. If a sulfide melt phase was stable from 
1000 to ≤740°C it may become encapsulated within a growing zircon as a globular 
inclusion. If a sulfide melt phase were only stable from 1000 – 800°C, below which 
it transitioned into another phase, it may not become included within zircon as their 
stability fields do not coexist under the prevailing conditions. 
  
 
Eq.5.2  ln DZr
Zircon/melt
= {−3.80 − [0.85(M − 1)]} + 12900/T 
Eq.5.3  T = (12900/(ln DZr
497662/melt
+ 295 + 0.85M) − 273 
Eq.5.4  n = 1 g
183.305 gmol−1
= 0.005455 mol 
0.005455 mol × 91.224 gmol−1 × 1,000,000 = 0.497627 g 
0.497627 g × 1,000,000 = 497627 ppm 
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Figure 18: Zr-saturation temperatures for Cadia CA01  and CA02 , 
Northparkes NP01  and Copper Hill CH01 . 
 
 gmol-1 
Zr 91.224 
Si 28.085 
O 15.999 
ZrSiO4 183.305 
 
Table 2: g/mol values used 
in Zr-saturation calculations 
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U-Pb GEOCHRONOLOGY 
Chapter Six 
6.1. Introduction 
 
6.1.1. Principles of U-Pb zircon geochronology 
There are a number of naturally occurring isotopes, or radioisotopes, whose 
atomic structure is unstable. The nucleus of such an isotope (parent) undergoes a 
series of radioactive decays, the spontaneous breakdown of its components, to 
ultimately produce an isotope (daughter) with a lower number of protons. Elements 
are of course defined by their number of protons and so radioactive decay will 
produce a series of new elements of lower mass until a stable isotope is produced, 
at which point radioactive decay ceases. The probability that spontaneous decay 
will occur is independent of any external physical and chemical conditions such as 
pressure or whole rock composition. Further, this probability does not change with 
time and is unique to each isotope, summarised by Williams (1998). All radioactive 
decay may be expressed by Eq.6.1 where t is the period of time taken to produce 
D amount of daughter atoms and P remaining parent atoms. λ represents the decay 
constant as a function of T1/2, the half-life of the parent isotope, that is, the time it 
takes for half of some amount of unstable isotope to decay (Eq.6.2).     
Eq.6.1  D/P = eλt – 1 
Eq.6.2  λ = ln2/T1/2 
The half-life of a radioisotope must be comparable to the time periods of 
interest in that it the process must result in significant and measureable quantities 
of both parent and daughter isotopes. This study primarily concerns porphyry 
deposits emplaced at approximately 440 – 450 Ma (Section 2.1) and so of interest 
here is the decay of U to Pb for which two independent isotopic systems exist: 
238U decays to 206Pb where T1/2 = 4.47 Ga   
235U decays to 207Pb where T1/2 = 704 Ma  
If the processes of decay occur within a closed system, the ratio between 
each isotope must be constant at a given point in time as the rates of decay are 
also constant. If these ratios deviate it may indicate the system was open for some 
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period of time. This provides an independent quality control which can be used to 
interpret the level of disturbance and validity of individual analyses. This is 
commonly expressed as a bivariate plot of 207Pb/206Pb against 238U/206Pb (Tera and 
Wasserburg, 1972), known as the Tera-Wasserburg concordia diagram (Williams, 
1998). 
Zircon is a common accessory mineral in most silica-saturated rocks. During 
crystallisation, the crystal lattice of zircon may incorporate significant amounts of U, 
Th and Hf as substitutions for Zr (Bea, 1996) while Pb is strongly rejected (Watson 
et al., 1997). Zircon is also a highly resilient mineral; it is chemically stable with low 
compressibility and thermal expansion. This allows zircon to survive a wide range 
of magmatic, metamorphic and erosional events (Davis et al., 2003, Finch and 
Hanchar, 2003). These attributes of zircon make it a remarkably suitable mineral 
for the application of U-Pb dating.  
6.1.2. Application of U-Pb zircon geochronology 
By rearranging Eq.6.1 for t, the period of time since zircon growth can be 
determined. This requires the quantitative counting of the U and Pb atoms. The 
Sensitive High Resolution Ion Microprobe (SHRIMP) fires O2- at a polished zircon 
surface which ablates and ionises a small volume of material, typically around 2 ng 
(Williams, 1998). These ions are propelled through a magnetic field within a very 
large curved chamber. The size and sensitivity of this instrument enables atoms of 
very similar mass to be separated. As the atoms hit a detector, electrical signals 
are produced and counted providing a quantitative measure for the amount of each 
isotope. Assuming an ideal system, U-Pb SHRIMP dating of zircon gives the age 
at which the zircon formed at the analysis position.  
Protocols of analysis followed those of Williams (1998). 8 species and 
background noise were analysed in sequence; Zr2O, 204Pb, background, 206Pb, 
207Pb, 208Pb, 238U, ThO and UO. This sequence was analysed six times per site. 
Analysis was manually initiated for difficult targets, namely those which contained 
sulfide inclusions and multiple fractures. For a few select zircon grains, analysis 
sites were positioned both interior and exterior to the position of sulfide inclusions 
in order to constrain the age of their encapsulation. The remaining and majority of 
analysis sites were manually targeted and cued. These analyses were 
automatically initiated in sequence during unmanned overnight operation. 
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TEMORA zircon standards were analysed periodically for quality control and age 
calibration. The sequence of TEMORA analyses was designed to ensure random 
spatial variation so that any impacts of mount topography on the U-Pb age 
calibration could be identified. Standards from different parts of the mount produced 
the same apparent ages within error. This shows there is no systematic bias in U-Pb 
age determination for different regions on the mounts. Initial processing of SHRIMP 
data was conducted by A. Nutman using analysis software PRAWN and L-lead. For 
the assessment of reduced data, Tera-Wasserburg 207Pb/206Pb to 238U/206Pb 
concordia curves and error weighted gaussian distribution curves were produced 
using Isoplot v.4.15 (Ludwig, 2008) and Microsoft Excel.  
 
6.2. Zircon Characteristics 
 
6.2.1. Cadia [CA01 and CA02] and Northparkes [NP01] 
The Cadia and Northparkes (Figure 19) zircon separates are fairly similar in 
their features. The grains are fractured and fragmented, particularly within those 
from Northparkes. Preserved crystal faces and the occasional complete grain show 
euhedral to sub-euhedral forms. Grain sizes range from <100 to 250 µm in length 
with elongation ratios of 1 – 3. Under cathode luminescence many zircons display 
broad bands of poorly contrasting grey shades. Only very few zircons display finely 
banded bright and dark oscillatory zoning. Many zircons particularly from 
Northparkes display relatively dark homogenous cores rimmed by an even darker 
hydrothermally altered zone. In some instances, growth zones may be truncated by 
later stage zircon. Many zircons show bright areas which may represent 
recrystallisation, most concentrated along broken edges, fractures and bordering 
inclusions, sulfides or otherwise. Apatite inclusions were identified within zircons 
from Cadia and fluorite inclusions were identified within zircons from Northparkes. 
Both of these are observed to fluoresce under cathodoluminescence for extended 
durations which produced patchy bright zones within the acquired CL images 
(Figure 20c). No fluorite inclusions were observed within Cadia separates although 
macro-fluorite was observed in hand specimen. It is possible that unidentified 
apatite and fluorite inclusions have produced some of the bright patches observed 
under cathodoluminescence.  
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6.2.2. Copper Hill [CH01] 
Observed zircons from Copper Hill zircons range from ~100 – 250 µm in 
length with elongation ratios of ~1.5 – 3 (Figure 19). They are well formed and 
euhedral and are generally intact with only a small proportion presenting as broken 
fragments. Under cathodoluminescence, the zircons are typically brighter than 
those from Cadia and Northparkes. They display distinct oscillatory zones 
composed of highly contrasting fine bands. Relative bright zones are most 
associated with particular growth zones and crystal faces, rather than with fractures 
and inclusions. 
6.2.3. Cadiangullong Creek [CAS01] 
The Cadiangullong Creek zircons (Figure 19) display a unique feature which 
is to be expected, that is, slight abrasion and occasional rounding. This is of course 
attributable to natural fluvial processes such as abrasion by suspended sediment 
and impacts during zircon transport. Rounding is however fairly minimal with most 
grains displaying reasonably well defined crystal faces. It would seem that prior to 
transport, grains were euhedral. Fractures exist, although in fairly low density. Grain 
sizes are considerably larger than those of other composites, ranging from ~150 – 
>400 µm in length with elongation rations of ~1 – 3. Furthermore, the longest grains 
do not necessarily have the largest elongation ratios, some grains are indeed quite 
large. Under cathodoluminescence the majority of grains are dominated by broad 
homogenous zones varying in brightness between each zircon. Very few zircons 
show well defined oscillatory zoning and not as finely banded as with Copper Hill. 
 
6.3. Results 
 
6.3.1. Cadia [CA01 and CA02] 
CA01 (12 analyses, 9 zircons) and CA02 (16 analyses, 13 zircons) yielded 
largely concordant U-Pb ages (Figure 25) with negligible 204Pb or common lead. 
This indicates that the U-Pb system remains largely undisturbed. All apparent ages 
are within statistical error (Figure 21) and have close to normal distribution (Figure 
26). No major differences in apparent age were noted between central portions and 
external rims within individual zircon grains. These populations are therefore 
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considered representative of their source and none were rejected from the 
calculation of mean age. The 204Pb corrected 206Pb/238U weighted mean age of 
CA01 was 443 ± 10 [2.3%] Ma (MSWD = 0.18) and 443.6 ± 9.9 [2.2%] Ma 
(MSWD = 0.031) for CA02. These ages are indistinguishable, as can be expected 
from multiple populations from the same source. This represents excellent accuracy 
of analyses and lends confidence to the interpretation of determined ages of other 
composites.  
6.3.2. Northparkes [NP01] 
17 analyses (15 zircons) were largely concordant with the exception of one 
analysis (NP01-2.1). The remaining analyses contained negligible common lead as 
shown by negligible 204Pb abundance. With the exception of analysis 2.1, the 
apparent ages are all within statistical error of each other (Figure 21) and no 
inherited core was observed. The cumulative distribution is slightly skewed, again 
due to analysis 2.1 (Figure 26). The U-Pb isotopic system of NP01-2.1 is therefore 
considered disturbed and was excluded from calculation of mean age. The 
remaining analyses appear representative of their source and yield a 204Pb 
corrected 206Pb/238U weighted mean age of 444 ± 10 [2.3%] Ma (MSWD = 0.043). 
6.3.3. Copper Hill [CH01] 
17 analyses (20 zircons) approach discordance when corrected for 204Pb 
(Figure 25). This anomaly may have been caused by minute concentrations of 
mercury (204Hg is isobaric with 204Pb). It may also have been caused by a slight 
overcorrection of apparent 204Pb due to slight error in selecting mass (There is a 
complex molecular interference on the low mass side of the 204Pb peak). When 
uncorrected analyses are plotted, they cluster very close to concordance. The 
apparent ages of individual analyses are within statistical error of at least one other, 
although there is a considerable spread of individual apparent ages of 50 Ma 
(Figure 21). Despite this spread, the analyses are normally distributed (Figure 23). 
The U-Pb isotopic system of all analyses are considered undisturbed and none are 
rejected from the calculation of mean age. The weighted mean age is calculated to 
be 456 ± 6.3 [1.4%] Ma (MSWD = 0.48) when 207Pb corrected and 
451 ± 6.3 [1.4%] Ma (MSWD = 0.6) when 204Pb corrected. Due to the probable 
overcorrection of 204Pb, the age is taken to be 451 ≤ CH01 ≤ 456 [± 6.3] Ma.    
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6.3.4. Cadiangullong Creek [CAS01] 
6 analyses (6 zircons) plot close to concordance with one outlier, CAS01-2.1, 
which is excluded from calculation of mean age (Figure 22). Total radiogenic lead 
abundance was low while 204Pb is typically within error of noise. The weighted mean 
age is calculated to be 12.0 ± 1.1 [9.1%] (MSWD = 1.6) when 207Pb corrected and 
10.9 ± 1.8 [16.5%] (MSWD = 1.8) when 204Pb corrected. Due to the high percent 
errors of such young zircons and the small population, the age is taken as the 
combination of the two mean ages; 10.9 [± 1.8] ≤ CAS01 ≤ 12.0 [± 1.1] Ma. The 
high percent errors explain the bimodal distribution curve, as the calculation of 
these curves is weighted by the associated errors (Figure 26).  
6.3.5. Sulfide inclusions 
Of the zircons analysed, 4 from Cadia, 3 from Northparkes and all 6 dated 
zircons from the Cadiangullong Creek contain non-fracture fill sulfide inclusions. 
For inclusions of particular interest, analysis sites were targeted interior and exterior 
to the inclusions (Figure 20). Zircon CA01_021 contains a polyphase inclusion of 
chalcopyrite and electrum (Figure 29). Apparent ages were determined to be 
426.1 ± 21.9 Ma exterior to the inclusion and 428.5 ± 27.1 Ma interior to the 
inclusion. CA02_016 contains a polyphase inclusion of chalcopyrite and galena 
(Figure 31). Analysis exterior to the inclusion yielded apparent ages of 
441.3 ± 21.4 and 435.4 ± 29.6 Ma. Analysis interior to the inclusion yielded 
437.4 ± 21.4 Ma. A zircon from Northparkes, NP01_025, contains an assortment of 
inclusions including chalcopyrite, fluorite and cadmium-sulfide as globules within a 
dark outer rim (Figure 34). Analysis yielded apparent ages of 419.5 ± 11.0 Ma 
exterior to the inclusions and 442.2 ± 27.4 Ma interior to the inclusions. The exterior 
analysis (NP01-2.1) was rejected from calculation of mean age due to disturbance 
in the U-Pb isotopic system. All apparent ages are within statistical error of their 
respective 204Pb corrected weighted mean age (Figure 23 and Figure 24) and aside 
from the single disturbed site, no major differences were found between analyses 
interior and exterior to sulfide inclusions.  
If these apparent ages are taken to be precisely absolute, which requires 
error to be neglected, it would appear that the encapsulation of the bulk of these 
sulfide inclusions post-date the calculated weighted mean age of their respective 
sources, including those from the Cadiangullong Creek. Strictly speaking however, 
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the analyses are within statistical error of the weighted mean ages. This observation 
may also be explained as a function of hydrothermal alteration and stripping of 
some radiogenic lead, which would produce relatively enriched uranium 
concentrations and therefore slightly younger apparent ages. This is thought to be 
the case for the rejected analysis NP01-2.1, which was measured to have 
2568 ppm U. Despite these potential causes, the observation may well be a true 
indication that sulfide saturation occurred relatively late within these systems. 
 
6.4. Synthesis with Previously Determined Ages 
 
6.4.1. Cadia [CA01 and CA02] 
Wilson et al. (2007b) dated Cadia Hill zircon from pre-mineralisation 
monzonite at 435 ± 3.7 Ma. Within the dated monzonite, quartz-vein hosted 
molybdenite was also dated by Re-Os methods at 442.9 ± 1.4 and 443 ± 1.5 Ma. 
The mineralised veins obviously cannot predate its host monzonite. Black (1994, 
unpub. report for Newcrest Mining Ltd.) yielded U-Pb ages of 439 ± 6 Ma for the 
monzonite porphyry which overlaps these three ages, reported in Wilson et al. 
(2007b). The U-Pb ages reported in this study, 443 ± 10 Ma [CA01] and 443.6 ± 9.9 
Ma [CA02], are within statistical error of these previously reported ages. The 
possible slight disparity with Black’s U-Pb data could be because it was calibrated 
using SL13, which gives U-Pb ages at 1% ± 1% less than TEMORA calibrated data 
(Pers. comm. to A. Nutman by I.S. Williams).  
6.4.2. Northparkes [NP01] 
The E26 deposit has been dated by 40Ar/39Ar analysis of biotite which yielded 
441.3 ± 3.8 Ma for alteration/mineralisation assemblages, 437.3 ± 2.1 Ma for biotite-
quartz monzonite and 446.5 ± 2.6 Ma for a late mineral biotite-quartz-monzonite 
porphyry. Some of these biotites were affected by weak chlorite alteration and may 
have been reset during later magmatic activity (Lickfold et al., 2003). However, the 
ages presented here of 444 ± 10 Ma are within statistical error of all these ages.  
6.4.3. Copper Hill [CH01] 
Hornblende has been dated as 447.5 ± 5 Ma and 446 ± 6 Ma for diorite and 
dacite respectively via K-Ar dating (Chivas, reported in Scott, 1978), adjusted for 
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recent constants (Blevin, 2002). Dacite porphyry has also been dated by U-Pb 
zircon analysis which yielded an age of 450 ± 6 Ma (Perkins et al., 1995). These 
ages closely follow the results of this study of 451 ≤ CH01 ≤ 456 [± 6.3] Ma.    
6.4.4. Cadiangullong Creek [CAS01] 
The Cadiangullong Creek zircons are of Miocene age and are predated by 
the Cadia Hill deposit by several hundred million years. The Weemalla Formation 
and Forest Reef Volcanics which Cadia Hill intrudes are also of Ordovician age. 
The Mount Canobolas Volcanic Complex, upon which the Cadiangullong Creek has 
its headwaters, consists of basaltic to trachytic lavas. Sixteen samples from the 
complex have been K-Ar dated at 10.9 to 12.7 Ma. The dome building trachytic 
lavas which the creek drains over have been dated at 11.4 Ma. The surrounding 
lavas give effectively the same age (Wellman and McDougall, 1974). This very 
closely follows the results of this study, 10.9 [± 1.8] ≤ CAS01 ≤ 12.0 [± 1.1] Ma.  
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Figure 19: U-Pb SHRIMP analysis sites and determined 204Pb corrected 206Pb/238U apparent ages (Ma). 
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Figure 20: CL images of zircons dated with respect to their sulfide inclusions.  
426.1 ± 21.9 Ma  
428.5 ± 27.1 Ma 
CA01_021  
 
CA02_016  
NP01_025  
441.3 ± 21.4 Ma 
435.4 ± 29.6 Ma  
437.4 ± 21.4 Ma 
442.2 ± 27.5 Ma 
419.5 ± 11.0 Ma 
cp + el 
cp + gn  
*cp + fl + CdS   
[A] CA01_021:  
One inclusion of 
chalcopyrite (cp) is abutted 
and elongated against a 
zircon growth horizon. This 
inclusion contains a micro-
globule of electrum (el).  
See section 7.3.1 
[B] CA02_016:  
One occurrence of 
coexisting chalcopyrite (cp) 
and galena (gn) is situated 
within a central 
homogenous zone. Much 
of the growth zone around 
the inclusion is not 
observable due to 
fluorescence of apatite (ap) 
inclusions.  
See section 7.3.1 
 
 
[C] NP01_025:  
*An assortment of 
inclusions including 
chalcopyrite (cp), 
fluorite (fl) and one 
occurrence of cadmium-
sulfide (CdS) are situated 
within the dark outer rim of 
the zircon. Bright globules 
within this rim are due to 
the fluorescence of fluorite. 
See section 7.3.2 
 
ap  
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Figure 21: Top; Apparent 204Pb corrected 
206Pb/238U ages for CA01, CA02, NP01 and CH01.  
Figure 22: Middle-left; 204Pb corrected weighted-
mean 206Pb/238U ages for CA01, CA02, NP01 and 
CH01. 
Figure 23: Middle-right; Apparent 204Pb corrected 
206Pb/238U ages of all analyses for CAS01. Dashed 
line shows 204Pb corrected weighted-mean age. 
All zircons analysed contain sulfide inclusions. 
Figure 24: Left; apparent 204Pb corrected 
206Pb/238U ages of zircons which contain sulfide 
inclusions for CA01, CA02 and NP01. Dashed line 
is at 444 Ma which closely approximates the 
weighted mean age of CA01, CA02 and NP01. 
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Figure 25: Left column; Tera-Wasserburg Concordia plots of 207Pb/206Pb versus 238U/206Pb.   
Analyses labelled ‘reject’ are discordant and are therefore interpreted to have had their U-Pb isotopic 
system disturbed. These analyses are not included in the calculation of mean ages. All analyses shown 
have been corrected for 204Pb. Note that while CH01 appears to approach discordance, this can be 
accounted for by an overcorrected of common lead. The uncorrected data plots very close to concordance. 
The Terra-Wasserburg Concordia line (Tera and Wasserburg, 1972) is adapted using Isoplot 4.15 (Ludwig, 
2008). 
Figure 26: Right column; 206Pb/238U apparent ages plotted as error weighted gaussian distribution curves 
and cumulative frequency histograms. Note that the bimodal distribution curve for the Cadiangullong Creek 
is due to the high relative percent errors. Error weighted gaussian distribution curves were plotted using 
Isoplot 4.15 (Ludwig, 2008). Stacked histograms were produced using the Data Analysis function in Excel 
using a bin size of 10 Ma except for the Cadiangullong Creek zircons which have a bin size of 1 Ma. The 
gaussian curve and histogram for the Cadiangullong Creek zircons were produced using uncorrected data 
which best correlates the difference between 207Pb and 204Pb corrected mean ages. All other analyses 
shown have been corrected for 204Pb.  
 
CH01 
CAS01 
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INCLUSIONS IN ZIRCON 
Chapter Seven 
7.1. Introduction 
 
7.1.1. Principles of SEM-EDS 
A scanning electron microscope (SEM) fires electrons at incidence to the 
planar surface of a specimen. Interactions between incident electrons and the target 
specimen produce both backscattered and secondary electrons, some of which will 
reach the detector. The detections are represented as a digital image where 
increasing brightness represents increasing intensity or counts per second. By firing 
electrons in scanning sequences the electron microscope produces a raster image 
of the area of interest, hence the name, SEM. SEMs are commonly used in 
conjunction with analytical detectors such energy dispersive X-ray spectroscopy 
(EDS). An EDS detector is a semiconductor which converts characteristic X-rays 
into electric signals which are measured by a multi-channel pulse-height analyser. 
When an inner-shell electron is excited by a beam electron, its resultant energy may 
exceed the binding energy of the atom in which case it will be ejected to form a 
vacancy. An electron at a higher energy state will drop to that lower energy level by 
emitting an X-ray proportional to the energy difference between shells. Each 
element has characteristic quantized energy levels which allows the X-rays to be 
used in element identification (Goldstein et al., 2003). 
Castaing (1951) found that the relative mass percent of an element is 
approximately proportional to the intensity of its emitted X-ray line. Incident 
electrons fired by the SEM may interact with each electron bound by the atom and 
the number of these electrons is approximately proportional to the mass of that 
element. Assuming negligible contribution to X-ray generation via other processes, 
the ratio of X-ray intensity of the unknown and standard are approximately 
proportional to the ratio of relative mass percent of the unknown and standard, a 
phenomenon known as Castaing’s first approximation to quantitative analysis 
(Eq.6.1) (Goldstein et al., 2003). The subscript i and (i) represent the unknown and 
standard respectively, C represents the mass concentration, I represents the X-ray 
intensity and the ratio between i and (i) is the ki ratio.  
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Eq.6.1  ( Ci
C(i)
) = (
Ii
I(i)
) = ki 
Eq.6.2  ( Ci
C(i)
) = ZAF ∙ (
Ii
I(i)
) = ZAF ∙ ki  
The intensity of X-ray generation is affected by various attributes of the 
specimen which are corrected for here by using the ZAF method (Eq.6.2). The 
atomic number effect, Z, represents the effect of backscattering of incident 
electrons which reduces the net ionizing power of the beam, and inelastic scattering 
which results in energy loss, both which are a function of the atomic number of the 
atom. The Absorption Correction, A, accounts for absorption of emitted X-rays due 
to the amount of matter it must pass through, before ever leaving the sample. X-ray 
Fluorescence, F, refers to the X-rays emitted by non-target elements which may 
ionize inner electrons of the target element resulting in additional emissions of 
characteristic X-rays. By accounting for these attributes, the ZAF correction 
improves the approximation of mass concentration (Goldstein et al., 2003).  
7.1.2. Application of SEM-EDS 
SEM-EDS was used in the semi-quantitative geochemical point analysis of 
inclusions of interest. The relative atom percent values obtained were used to 
calculate empirical formula to identify mineral species. Where inclusions were of 
sufficient size and homogeneity, they were also observed by transmitted and 
reflected optical microscopy to further confirm sulfide identities.  
The relative atom percent values provided in this thesis do not equal 100%. 
The remaining percent is usually accounted for by oxygen, carbon, zirconium and 
silicon. Where the inclusion of interest is smaller than the SEM-EDS spot size (the 
area of detection), the material surrounding the inclusion may produce interference. 
This was typically caused by zircon, hence the common occurrence of excess Zr, 
Si and O values. If the composition of the feature of interest and any interference is 
distinct, it is reasonably straightforward to calculate empirical formulae by 
subtraction. For example, where an inclusion is clearly a sulfide yet the analysis 
shows excess Zr, Si and O, subtraction of stoichiometric zircon normalised to the 
relative atom % of Zr removes the interference. However, in some instances, 
multiple sulfide phases may occur within a single inclusion. These sulfides are likely 
to have similar chemistries and therefore the subtraction of an interfering sulfide 
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phase is often unviable, particularly if there are multiple solutions. For this reason, 
caution is applied when interpreting EDS analyses of heterogeneous sulfide 
inclusions. Oxygen interference may also be introduced by air in the analysis 
chamber (particularly when run at low vacuum) and from the epoxy resin. EDS is 
unable to recognise hydrogen due to its low mass and so minerals defined by 
oxygen and/or hydrogen may not be empirically identified, such as when 
differentiating anhydrite from gypsum. High carbon values are typically caused by 
residual diamond left over from the polishing process and residual carbon from 
removed carbon-coatings, although this has no impact on the empirical 
identification of any minerals of interest. 
Spectra produced by SEM-EDS were used to identity each element and their 
and relative abundance. To do so, automatic peak identification was utilised which 
uses complex algorithms and an extensive database of standards for calibration. 
No software is perfect in this regard and a number of errors may be introduced 
(Newbury, 2005, Newbury and Ritchie, 2012). This may be caused by unresolvable 
spectra such as where a minor peak shoulders a major peak of another element or 
by computational anomalies such as ghost peaks produced by the sum of 
overlapping noise. All effort was made to manually inspect the acquired spectra to 
verify the automatic identification of elements. This was primarily by checking for 
multiple characteristic peaks of identified elements, considering the plausibility of 
determined compositions and checking for peak overlaps. Where spectra was 
ambiguous and significant and could not be resolved independently, interpretive 
assistance was provided by Mitchel Nancarrow, Professional Officer and 
Microscopist at the Electron Microscopy Centre, Innovation Campus of the 
University of Wollongong. 
During SEM-EDS analysis, the target specimen may build a charge and 
subsequent discharges may disrupt image capture and targeting. This may be 
resolved by applying a conductive coating to the sample, typically of gold and/or 
platinum. This of course largely prevents the identification of these elements within 
the sample. As porphyries such as Cadia Hill may contain considerable quantities 
of gold, the samples were largely analysed within a low-vacuum chamber and left 
uncoated. This allowed the identification of one occurrence of a gold-silver 
compound. In order to confirm difficult-to-identify exotic minerals and to produce 
element rasters, a coating was later applied preventing any further identification of 
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gold, platinum and silver. It is possible that additional occurrences were not 
recognised. 
 
7.2. Overview of Results and Explanations 
 
7.2.1. Selection of zircons 
Table 3 lists the numbers of zircons mounted per separate, the total number 
with SEM-EDS confirmed sulfides and the remaining number of zircons with 
optically interpreted sulfides, including some at unexposed planes. Those 
interpreted as sulfides which remain buried give off distinctive reflections which 
assisted in their preliminary identification. Zircon separates were first examined via 
low magnification optical microscopy techniques to identify those with visible 
opaques, suspected to be sulfides. These were preferentially mounted and the 
remaining mount space was filled with clean zircons for use in U-Pb dating and to 
increase the chances of identifying sulfides via higher magnification imaging. For 
true statistical validity, every zircon which contains sulfide inclusions must be 
identified and considered relative to the total number of zircons as a minimum. This 
includes all sulfides at deeper planes and those removed during the abrasion and 
polishing process. The numbers presented here are of those observed only and 
statistical interpretations must be made within a qualitative context.  
Zircon separate CA01 CA02 NP01 CH01 CAS01 Total 
Zircons mounted 470 135 180 111 390 1286 
Zircons with optically identified 
sulfide inclusions 34 10 140 0 1 185 
Zircons with SEM-EDS 
confirmed sulfide inclusions 4 5 15 0 9 33 
 
Table 3: Overview of the number of zircons mounted, those suspected to contain sulfides by transmitted and 
reflected light microscopy and those confirmed to contain sulfide inclusions by SEM-EDS. See text for details. 
The majority of zircons from both Cadia separates were reasonably clean. 
Of 605 grains mounted, only 8.7% were confirmed or suspected to contain sulfide 
inclusions. The Cadia zircons were extracted from the greatest volume of material, 
10 samples compared with 6 from Northparkes and 4 from Copper Hill, all of 
approximately the same size.  
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The Northparkes zircon separate contained the greatest number of 
inclusions preliminarily identified as sulfides at the selection/mounting stage, far 
more than what could be practically analysed. ‘Dirty’ zircons which appeared 
representative of the entire population where preferentially selected for mounting 
along with a small collection of reasonably clean zircons for U-Pb dating. Of 180 
zircons mounted, 86% are suspected or confirmed to contain sulfide inclusions. 
The zircons from Copper Hill were extracted from the smallest volume of 
material, however the zircon yield was plentiful. Preliminary observations found no 
suspected sulfides and most were very clean with few or no inclusions. >100 grains 
deemed representative of the entire population were mounted. Further optical 
microscopy and SEM-EDS analysis did not identify any sulfides. 
Approximately 2 kg of sediment from the Cadiangullong Creek was 
dispatched for zircon separation. Quite a number of opaque inclusions were 
identified during the selection/mounting stage however subsequent analysis found 
most to be other minerals. The Cadiangullong Creek zircons had the greatest range 
of morphologies and size and an effort was made to select a representative sample. 
Of 390 zircons mounted, 9 with sulfide inclusions were identified by SEM-EDS and 
1 via reflected light microscopy. This represents a 2.5% yield. The sulfide bearing 
zircons are morphologically equivalent to one another.  
7.2.2. Distribution within the Cu-Fe-S system 
 
Figure 27: Ternary Cu-Fe-S (atom %) plot of SEM-EDS point geochemistry for 118 analyses of copper-iron- 
and iron- sulfides within 33 zircons and 5 analyses of 5 bornites not in zircon.  Northparkes;  Cadia; 
 Cadiangullong Creek.  represent stoichiometric formulae of; cp – chalcopyrite, tal – talnakhite, 
mh – mooihoekite, hc – haycockite, bn – bornite, py – pyrite, tr – troilite. 
cp 
tal 
mh 
bn 
cb 
hc 
py 
tr 
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Figure 27 shows the distribution of SEM-EDS analyses of copper-iron- and 
iron- sulfides. All are of inclusions in zircon except for those which approximate 
bornite. Bornite was present as disseminations either side of a mineralised vein in 
polished thin section NP01_#04. Each point does not represent a separate inclusion 
as many inclusions where analysed multiple times. Averaged values do not 
adequately show the distribution of heterogeneous phases and so each analysis is 
shown to give an indication of scatter.  
Within zircons from Cadia, pyrite was observed as fracture-fills in the 
absence of chalcopyrite. For zircons from Northparkes, only one occurrence of 
pyrite was observed by EDS which was a segregated micro-globule within a larger 
inclusion of chalcopyrite. Despite the limitations of planar analysis, the volume of 
this micro-globule is not expected to have significantly impacted the net chemistry 
prior to segregation. The central cluster approximates chalcopyrite and the degree 
of scatter is largely equivalent between both porphyries. Bornite is not observed in 
any zircon yet occurs within the same thin section that contains chalcopyrite as 
fracture fills in zircon. This indicates that the processes responsible for producing 
bornite were unable to penetrate the zircons observed, despite close proximity.  
The similar clustering of results for Cadia and Northparkes are distinct and 
largely iron deficient compared with those of the Cadiangullong Creek. This 
indicates differing genetic conditions. It may be that the processes which acted 
upon the source of the Cadiangullong Creek zircons were of relatively higher 
temperature. 
7.2.3. Ambiguity of chalcopyrite empirical formulae 
The analyses of copper-sulfides identified as chalcopyrite do not correspond 
to stoichiometric CuFeS2. Rather, there is a considerable scatter in the results 
which overlap chalcopyrite, talnakhite, mooihoekite and haycockite which are 
variably stable under low to mid temperatures (Table 4). Optically these minerals 
may be difficult to distinguish, for example mooihoekite and haycockite have 
reflectance colours very similar to that of chalcopyrite (Cabri and Hall, 1972). 
Differing oxidation rates and tarnish discolorations may assist in optical 
identification (Cabri, 1967), although such experiments were not practical within the 
scope of this study. Additional complexities are introduced due to a narrow solid 
solution between CuFeS2 and CuFe1.22S2.22 shown to exist under hydrothermal 
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conditions at 350°C (Sugaki et al., 1975). It is difficult to say whether these 
chalcopyrite-like sulfides are present in the zircons studied or if the scatter is a 
function of error, lattice impurities or some other interference. There is no identified 
trend which differentiates between the composition of chalcopyrite-like sulfides 
present as globules and fracture-fills nor any differences between deposits. The 
phase relations and stabilities of chalcopyrite and its close approximations are 
complex and for the purposes of this study, are assumed to be inconsequential and 
all occurrences are referred to as chalcopyrite. However, detailed analysis of micro-
phases if present, may provide insights into the genetic occurrence of chalcopyrite 
dominated ore.  
Species Formula Stability (°C) 
Chalcopyrite CuFeS2.00 ≤557 
Talnakhite CuFe0.89S1.78 ~ ≤186 
Mooihoekite CuFeS1.78 ~ ≤167 
Haycockite CuFe1.25S2.00 ~ 20-200 
 
Table 4: Stoichiometric formula of copper-iron sulfides, normalised to Cu, and their approximate thermal 
stabilities. After Fleet (2006) and references therein. 
 
7.2.4. Phase segregation within the Cadiangullong Creek zircons 
 
Figure 28: Cu-Fe-S ternary at 700°C showing the composition of sulfide inclusions in zircon from the 
Cadiangullong Creek. After Kullerud et al. (1969) in Raghavan (2006).  
The sulfide inclusions from the Cadiangullong Creek distribute as two 
clusters, an unidentified copper rich phase and a copper poor phase which contains 
excess iron with respect to troilite (Figure 27). With the exception of the occasional 
euhedral pyrrhotite, most of these inclusions are polyphase, globular to spherical 
and are interpreted to represent the encapsulation and subsequent segregation of 
an immiscible sulfide melt. In theory, one could numerically remix each phase as a 
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function of their chemistry and respective volumes to produce a model of the 
original melt composition. This is not possible however without whole-inclusion 
geochemistry such as that obtained via laser ablation ICP-MS. Perhaps if a large 
quantity were observed via planar analysis, numerical remixing may be statistically 
valid however this is not the case here. It can at the least be said that the original 
homogenous composition must have been somewhere between the two clusters.  
Pyrrhotite is a high temperature sulfide, first appearing on the Fe-S join on 
the Cu-Fe-S ternary at 1192°C (Fleet, 2006). The gap between each cluster plots 
within the stability fields pyrrhotite + Fe + bornite at 700°C (Figure 28) (Raghavan, 
2006). Encapsulation within zircon would preserve this net chemistry and may 
explain why pyrrhotite is observed to contain excess iron and why the copper-iron 
sulfides do not match known stoichiometric formula. If this is the case, the copper-
iron sulfides within may be more closely related to cubanite. 
7.2.5. Fracture propagation 
Zircons from Cadia and Northparkes contain fractures, most densely within 
the latter. The cause of such fractures remains unclear. They may have been the 
result of overpressure as could be expected during first boiling of a porphyry, 
release of hydrothermal fluids and the resulting expanse in volume (Section 3.4.1). 
Recrystallization of zircon results in heterogeneous uranium concentrations and as 
a result, variations in volume and brittleness. This in turn may cause or promote 
fracture propagation (Corfu et al., 2003). It may also be a result of volume expanse 
of an included mineral. Some fractures and fragmented grains, particularly those 
which are void of any mineral inclusions, may have been the result of mineral 
separation techniques. 
Generally, fracture propagation within some rigid material will be directed 
towards a relatively soft inclusion and away from a relatively hard inclusion 
(Bouchard, 2005). Zircon is a hard and largely incompressible mineral whereas 
sulfides are quite soft. As a result, fracture propagation is likely to be directed 
towards and may intersect sulfide inclusions which represent zones of structural 
weakness. As fractures also represent connectivity, a primary mineral may be 
replaced via hydrothermal fluids. When attempting to demonstrate a primary or 
secondary origin of an inclusion, one method is to consider whether the apparent 
habit of the inclusion is consistent with the crystal structures of the observed 
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minerals. Where they are not consistent, it may be that a former inclusion was 
removed by fluids which later precipitated minerals filling the void space (Nutman 
et al., 2014). Unfortunately, such relationships are not easily informed by globular 
morphologies such as observed here, as they are not indicative of any crystal 
structure. Caution is therefore applied when interpreting the mode of origin of such 
inclusions.  
 
7.3. Observations 
 
7.3.1. Cadia [CA01 and CA02] 
The Cadia zircon separates contain an assortment of inclusions, most 
importantly, chalcopyrite and pyrite, one occurrence of a gold-silver compound and 
one occurrence of galena. Other inclusions observed were of apatite and various 
silicates.  
Chalcopyrite and pyrite are typically globular and anhedral. They may abut 
against silicate material sharing a single external morphology and in some 
instances, exist as globules within a larger silicate inclusion such as orthoclase. 
Within zircon CA01_021, an inclusion of chalcopyrite ~20 µm in length contains a 
sub-spherical micro-inclusion of coexisting gold, silver and sulfur (Figure 29). The 
detected atom percent values were 5.39, 14.56 and 2.16 respectively. The sulfur 
value is too low to be considered part of a Au-Ag-S lattice and so it is assumed to 
be interference by the surrounding sulfide phase. The empirical formula is 
calculated to be AuAg2.70 and in-lieu of a known mineral species, this occurrence is 
referred to as electrum, a common term for Au-Ag alloys. At the available resolution, 
they appear to be smoothly segregated with no intergrowth textures. The 
encompassing chalcopyrite exhibits a rounded morphology, elongated and abutted 
against a zircon growth horizon. The cause of this may have been surface tension 
between a coexisting sulfide melt and growing zircon. CA01_021 has been dated 
by U-Pb SHRIMP analysis (Section 6.3.5). 
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The above mentioned chalcopyrite + electrum is situated within a zircon that 
contains multiple globular chalcopyrite inclusions. Pyrite is also observed, however 
only as in-fill material within a fracture. In fact, pyrite was the only sulfide observed 
as fracture fills in both Cadia zircon separates. The majority of inclusions, 
particularly those which are globular, appear genetically unrelated to fractures. 
Globular morphologies could not have been formed by fracturing and it would seem 
that where these inclusions are coincident with fractures, the relationship is such 
that the already formed inclusion directed the path of fracture propagation. As 
discussed, it may be the case that an inclusion which predates a coincident fracture 
was exsolved out by migrating fluids and replaced. If this was the case, the 
secondary precipitated phase would be expected to exist along the fracture plane. 
Such features may not always be easily observable by optical microscopy or 
targeted by SEM-EDS point analysis. 
SEM-EDS element rasterising was used to test this relationship for zircon 
CA02_016 which contains an assortment of inclusions including apatite, an 
aluminium silicate and a polygonal polyphase sulfide of chalcopyrite abutted 
against galena (Figure 31). The sulfide is adjoined to a coincident fracture. EDS 
elemental mapping of this inclusion shows that Cu, Fe, Pb and S are entirely 
contained within the bounds of the inclusion. There is some Al-Fe-Mg-silicate above 
and below the sulfide where the fracture nodes exist, along fractures elsewhere and 
surrounding euhedral apatite. The distribution of this unidentified silicate 
demonstrates that there has been fluid mobilisation and precipitation, perhaps of 
Figure 29: CA01_021  
Chalcopyrite inclusion (left) is 
globular, elongated and abutted 
against a zircon growth horizon 
(dashed line). Within this 
chalcopyrite is a micro inclusion 
of electrum (bright spot) which 
segregated from a former 
homogenous melt. Pyrite (bottom 
right) has precipitated within a 
fracture as a result of fluid 
migration. Note: streak lines are 
an artefact of imaging and do not 
affect analysis results.  
Chalcopyrite:  CuFe1.11S2.10  
Electrum:  AuAg2.70 
Pyrite:   FeS1.48 
 
Chalcopyrite 
 
Pyrite 
 
Electrum 
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chlorite. However, the sulfide could not have been deposited by fluids, otherwise 
the sulfide would also exist along the adjacent fractures. The ability of EDS to map 
sulfide fracture distribution is demonstrated for a zircon from Northparkes (Figure 
34). Therefore, the chalcopyrite + galena predates the fracture and any subsequent 
fluids and must have existed at the time of zircon growth. The galena is segregated 
from the chalcopyrite by a straight abutment, which suggests the two phases once 
coexisted in melt form, and segregated later upon cooling. The overall morphology 
is polygonal, with its long axis parallel to the adjacent zircon growth zones. Euhedral 
apatite also exists within the zircon and it may be that these minerals formed prior 
to or during the growth of their encapsulating zircon. CA02_016 has been dated by 
U-Pb SHRIMP analysis (Section 6.3.5). 
In transmitted light, numerous inclusions are observed at greater depths than 
the polish plane. They exist in a variety of configurations and sizes and comprise of 
both opaque and transmissive minerals. Some arrays are elongated perpendicular 
to one another and individual lengths show signs of necking (Figure 30f). It is 
possible that some of these may be fluid inclusions rather than mineral solids. Some 
inclusions display a ‘cloud-like’ morphology, perhaps due to the agglomeration of 
multiple melt globules (Figure 30d).     
 
Figure 30: Sulfide inclusions in zircon: [A] RL image of coexisting pyrite and silicate inclusion, [B] RL image of 
a magmatic globule of chalcopyrite, [C] RL image of pyrite + silicate fracture fill, [D] TL image of a cloud-like 
inclusion suspected to be sulfide. Morphology may represent agglomeration? [E] TL image of a suspected 
sulfide-silicate inclusion showing globular morphology and associated fracture propagation, [F] TL image of an 
array of parallel inclusions, elongated with some signs of necking.  
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Figure 31, CA01_016: Layer*; composite EDS raster of Cu, Fe, Pb, S, Mg, Al, Ca, P and Si; [CL] Cathode 
Luminescence raster; [SEM] Backscatter raster, [A] Subset composite EDS raster and Cu, Fe, Pb, S and Al 
distribution. Note that the distribution of sulfur and chalcophile metals are entirely contained within the bounds 
of the sulfide inclusion and not distributed along adjoining fractures.    
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7.3.2. Northparkes [NP01] 
The Northparkes zircon separates contain the greatest abundance of sulfur. 
Sulfides are dominant, mainly in the form of chalcopyrite with minor pyrite. Sulfates 
are also observed mainly as barite and calcium sulfate (anhydrite and/or gypsum). 
Additional minerals include rutile, unidentified iron oxides, halite, fluorite, 
lead selenide, cadmium sulfide, celestine and various silicates.  
The morphologies of chalcopyrite inclusions are highly variable. Those which 
appear most spatially independent of fractures are globular and rounded (e.g. 
Figure 32a,c). Many of these are coincident with fractures, however they are 
thought to be genetically unrelated. Chalcopyrite is also observed to be 
encompassed by larger silicate inclusions. One such example is of orthoclase which 
also contains fine laths of an aluminium-iron silicate, presumably a mica. The grain 
is highly fragmented and the orthoclase is not fully armoured by the zircon. It is 
therefore unclear whether the mica and orthoclase are magmatic or hydrothermally 
produced. Only one occurrence of pyrite was observed as a minor segregated 
phase within an inclusion of chalcopyrite (Figure 32e).  
The majority of chalcopyrite is distributed as precipitants within fractures, 
undoubtedly via transport and precipitation by hydrothermal fluids. This can be seen 
particularly well using SEM-EDS element rasterising such as with zircon NP01_025 
(Figure 34). When this zircon is viewed under cathodoluminescence, two distinct 
zones are observed; a large homogenous grey centre (HG) and a darker outer rim 
(DR). Within this outer rim is an assortment of irregularly rounded to sub-spherical 
inclusions. One such inclusion is of coexisting cadmium and sulfur. Two empirical 
formulae can be calculated, CdS1.10 and CdS1.10O2.04. The oxygen value is too low 
to be considered part of cadmium sulfate and must be interference from oxygen in 
the analysis chamber or the surrounding zircon. In lieu of diffraction data, the 
mineral is identified as cadmium sulfide, corresponding to hawleyite or greenockite.  
The remaining globules within NP01_025 are of chalcopyrite and fluorite 
which occur both as spatially independent homogenous inclusions and as 
coexisting phases within a single inclusion. These inclusions are proximal to 
fractures although the connectivity of each is ambiguous. It may be the case that 
hydrothermal fluids rich in fluorine and calcium removed chalcopyrite and 
precipitated fluorite in its place. This is evidenced by other examples which show 
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fluorite encroaching upon the edges of chalcopyrite and dispersed along connecting 
fractures (Figure 32d). The chalcopyrite is not observed to disperse along any 
adjoining fractures and no evidence was observed to suggest chalcopyrite replaced 
some former mineral. Therefore, despite the obvious interaction with hydrothermal 
fluids, the chalcopyrite globules are interpreted to represent a magmatic sulfide 
melt. Their spatial and structural confinement to the inner side of the DR zone 
suggests that a temporally discrete event resulted in their formation. An elongate 
and rounded chalcopyrite tipped with quartz occurs just within the bounds of the 
HG zone. Chalcopyrite + quartz hydrothermal fracture fills have been observed in 
other zircons (Figure 32f), although the origins of this particular inclusion remains 
uncertain. The morphology does not suggest any fracture control and the presence 
of a quartz tip does not necessarily imply hydrothermal introduction.  
One final feature of this zircon is the inclusion of an unidentified silicate 
material rich in iron, magnesium and aluminium, perhaps chlorite. These silicates 
originate at the edges of the zircon grain and cut across zircon growth zones. The 
silicate material encompasses chalcopyrite and rutile and is preferentially 
positioned along fractures. Other examples were observed of similar silicate 
material with equivalent spatial and structural relations to their host zircon. This 
feature is considered to represent sericite alteration as seen in thin section. 
NP01_025 has been dated by U-Pb SHRIMP analysis (Section 6.3.5).  
NP01_008 contains a micro-inclusion <10 µm in length, empirically 
calculated as PbSe0.82, corresponding to clausthalite. This inclusion appears 
spatially independent of fractures and is thought to represent magmatic 
encapsulation. Copper was also observed although the measured relative atomic 
percent was <5% than that of lead and its spectra was rather indistinct. It is likely 
to represent a lattice impurity or a false reading. Unfortunately, the spectra of sulfur 
and lead strongly overlap (Newbury, 2005) and if small amounts of sulfur exist it 
was not delineated. Stoichiometric clausthalite is PbSe, yet the empirical formula 
shows that the relative atom percent of detected lead was approximately 20% 
higher than that of selenium. It is possible that this is the result of unresolved sulfur 
and subsequent overestimation of lead. The unfortunate issue with the overlapping 
spectra of lead and sulfur is that PbSe (clausthalite) and PbS (galena) form a poorly 
defined solid solution. With quantitative inclusion geochemistry, it may be possible 
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to utilise and perhaps contribute to phase diagrams such as that by Simpson (1964) 
to constrain the conditions at which the inclusion and encapsulating zircon formed.  
 
Figure 32: Sulfide inclusions in zircon: [A] Magmatic globules of chalcopyrite, some within silicate. Note the 
fracture which has propagated towards the inclusions due to their contrasting material properties to the host 
zircon. [B] Angular inclusion of chalcopyrite, thought to be morphologically controlled by its confining fracture. 
[C] Globular inclusion of magmatic chalcopyrite. [D] Magmatic chalcopyrite which has been dissolved by 
hydrothermal fluids which have precipitated fluorite in its place and along fractures. [E] Polygonal chalcopyrite 
with minor segregated pyrite. [F] Fracture containing quartz and chalcopyrite. All images taken under reflected 
light. 
 
Figure 33: NP01_054; SEM-EDS element distribution rasters of sulfur and oxygen. Barite-celestine (Ba≈Sr) 
and anhydrite (and/or gypsum) were precipitated after chalcopyrite as fracture controlled inclusions. The circle 
encompasses coexisting iron-oxide and chalcopyrite. This globule may have been a magmatic sulfide that was 
intersected by its coincident fracture. Hydrothermal fluids may have stripped the globule of sulfur and copper 
leaving behind residual iron-oxide. 
Figure 34: (Next page) NP01_025: Layer*; composite EDS raster of Cu, Fe, S, Ba, Ca, Al, Cd, F, Ti and Si; [A] 
Subset SEM backscatter image. Sulfide and fluorite globules and fracture fills are highlighted. [CL] Cathode 
Luminescence raster. Note the fluorescence of fluorite, [SEM] Backscatter raster. Note the distribution of 
fractures and coincidence with the distribution of sulfur. 
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Figure 35: Zircon with sulfide and sulfate fracture-fill inclusions positioned within thin section NP01_#04. 
[A] RL image of a zircon which contains fracture fill inclusions of chalcopyrite, anhydrite, barite, fluorite, celestine 
halite and sericite. [B] Position of zircon within polished thin section under transmitted light. Note the thin section 
is slightly thicker than standard thickness. Note the high degree of albite, sericite and hematite alteration. The 
lower plate of 9 element rasters shows the distribution of key elements to and their key mineral associations.    
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The thin section NP01_#04 contains a dog-tooth quartz vein in-filled with 
chalcopyrite dominated sulfides and carbonate (Section 5.1.3). Disseminations 
either side of this vein are dominated by bornite, Cu4.87FeS3.48 (calculated from the 
average of 5 occurrences) which commonly coexists with or encompasses 
chalcopyrite. No bornite is recognised in association with any zircon. The slightly 
lower empirical values than stoichiometric bornite is attributed to interference of 
minor chalcopyrite which contains a higher relative atom percent of iron.  
Within several centimetres from this quartz vein and approximately 1000 µm 
from the nearest veinlet is a zircon (Figure 35). This zircon is surrounded by a 
complex arrangement of intergrowths and overgrowths of quartz, sericite and 
calcium sulfate among other minor phases. These minerals can be seen to 
encroach into the zircon through fractures and infers a similar textural and genetic 
relationship for previous observations of zircon separates. Chalcopyrite is observed 
in only limited quantity within the immediate exterior of the zircon, where the vast 
majority of sulfur is present as sulfate. Within a fracture nearing the outer edge of 
the zircon is halite; Na1.30Cl. This halite is surrounded by chalcopyrite which occurs 
beyond the zircon boundaries. Chalcopyrite also exists as fracture fills within the 
zircon interior as does fluorite and a barite-celestine solution; (Sr0.67Ba0.33)S0.96O4.02. 
Celestine dominated sulfates have more restricted distribution than barite end-
members. They are typically the product of gypsum and/or anhydrite reacting with 
hyper-saline Sr-bearing fluids (Hanor, 2000). A high salinity is demonstrated by the 
occurrence of solid halite and the celestine-barite solid solution may therefore 
postdate the precipitation of calcium sulfate. 
Barite-celestine (Ba≈Sr) and calcium sulfate are observed coexisting with 
chalcopyrite along fractures within zircon NP01_054 (Figure 33). The textural 
relations support the notion that hydrothermally introduced (± magmatic) 
chalcopyrite was later partially oxidised by fluids which precipitated calcium sulfate 
and barite-celestine. As with many zircons, the fractures appear to have propagated 
following the position of magmatic opaque inclusions observable under transmitted 
light. One such inclusion within a fracture exposed at the polished surface was 
analysed by EDS to be FeO0.93, approximating Wüstite, containing no copper or 
sulfur. This may have resulted from the reduction of magnetite, however in lieu of 
diffraction data it may simply be considered an iron-oxide. A minor second phase 
within the same inclusion is of chalcopyrite, which was identified by EDS element 
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rasterising. It is possible that this inclusion may have formerly been entirely 
composed of sulfide, which was oxidised and stripped by hydrothermal fluids to 
leave iron-oxide and remnant sulfide. Whether this interaction occurred prior to the 
sulfide becoming included within zircon or post encapsulation via fluid migration 
along the coincident fracture remains unclear.  
7.3.3. Copper Hill [CH01] 
The Copper Hill zircon separates were not observed to contain any sulfide 
inclusions. This of course does not negate their existence. Occasional inclusions 
such as of apatite were observed however the majority of zircons are inclusion free 
within minimal fractures (Figure 36).      
 
 
7.3.4. Cadiangullong Creek [CAS01] 
Zircons from the Cadiangullong Creek were observed to contain inclusions 
of rutile, ilmenite, apatite and various silicates. Pyrrhotite and copper-iron sulfide 
are also observed.  
Pyrrhotite and copper-iron sulfide typically coexist within the bounds of a 
single inclusion. These inclusions have a globular rounded morphology and in some 
instances are highly spherical (Figure 37e). These sulfides bear little to no 
connectivity to what minimal fractures exist and must therefore be genetically 
unrelated. No secondary minerals were observed to replace the observed sulfides. 
Internally, the coexisting phases do not abut against one another with clean 
segregation planes such as with the chalcopyrite + galena inclusion found at Cadia 
(Figure 31). Rather, they display highly irregular and rounded boundaries. The 
boundaries also appear somewhat diffuse, however this may be due to their small 
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Figure 36: [A] and [B] SEM 
backscatter images of zircons 
from Copper Hill containing 
inclusions of apatite. The 
observed fractures within these 
two zircons are a relatively rare 
feature within zircons from this 
separate.  
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scale and the available resolution. This texture is likely to represent segregation 
from an initial homogenous melt.  
The identity of the copper-iron sulfides remains enigmatic. There is no 
consistent empirical formula between inclusions which ranges from CuFe1.69S1.99 to 
CuFe3.01S3.53, which have little resemblance to known stoichiometric formulae. As 
discussed in section 7.1.2, the scale of these minerals may result in interference 
from the adjacent sulfides which may help to explain the empirical variations. Figure 
37d shows a large pyrrhotite inclusion coexisting with minor copper-iron sulfide. 
Pyrrhotite is known to accommodate Cu as a substitute for Fe which has been 
observed at over 7 wt% of the total pyrrhotite mass at 800°C and 100 MPa (Jugo 
et al., 1999). If the capacity of pyrrhotite to contain copper decreased with declining 
temperatures, it is possible that this feature may in part represent the exsolution of 
copper.  
One occurrence of pyrrhotite was observed in the absence of copper sulfide. 
In transmitted light, a euhedral hexagonal habit is displayed (Figure 37b). Assuming 
the absence of copper sulfide at the studied polished surface is representative of 
the whole inclusion, it is possible that the lack of copper may have promoted the 
crystalline growth of pyrrhotite as its lattice would have been more consistent. No 
copper-iron sulfide was observed to exist as a single phase inclusion.   
After the subtraction of stoichiometric zircon normalised to the measured Zr 
concentration of 1.31 relative atom %, an inclusion was calculated to 
contain (K0.56Na0.44)Al1.12Si3.03O10.90. Accounting for excess oxygen in the low-
vacuum analysis chamber, this closely matches stoichiometric alkali feldspar 
(K,Na)AlSi3O8. This mixture sits approximately mid-way on the albite-orthoclase 
solid solution though no twinning or textures were observed that would indicate its 
temperature of formation and crystal structure. Many zircons are rutilated where 
multidirectional needles may be >100 µm in length. Some rutile is so fine and 
elongate that they were at first mistaken for part of a fracture. Euhedral to sub-
euhedral hexagonal ilmenite is also common and may be >50 µm in length.  
Some zircons display patches of golden coloured internal reflections when 
viewed in reflected light. When viewed in transmitted light, they are shown to be 
produced by subsurface opaques and may potentially be further sulfides. 
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Figure 37: [A] RL Ilmenite, [B] RL Pyrrhotite, [C] TL Needles of rutile, [D] and [E] RL Pyrrhotite with copper-iron 
sulfides (left) and subset SEM-EDS element distribution maps of copper and sulfur. Note, dark patches within 
the inclusion are where the applied gold plating became concentrated within voids.  
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PARAGENESIS 
Chapter Eight 
8.1. Metallogenic Evolution 
 
8.1.1. Magmatic history of zircon 
No inherited core was observed in any zircon from the three porphyries 
studied and so the earliest zircon must have precipitated directly out of the 
porphyry-related silicate melt. Zirconium fractionation trends show that zircon 
crystallisation at Cadia, Northparkes and Copper Hill intensifies at approximately 
60 wt% SiO2 (this study and (Blevin, 2002), closely following the formation of 
magnetite and sulfide saturation in arc environments (Jenner et al., 2010). This 
coincidence may have increased the probability that micro-scale sulfide melts 
would become encapsulated in zircon. This is because the earliest segregated 
melts will be of smallest size prior to any subsequent agglomeration. 
Magmatic sulfide inclusions from the Cadia and Northparkes deposits are 
predominately of chalcopyrite-like compositions, interpreted to be formed via sulfide 
saturation processes and mostly encapsulated in zircon while still in melt form. This 
produced globular morphologies due to their immiscibility with the surrounding 
silicate melt. A globular morphology may also be produced by resorption, however 
no evidence of this was observed. Sulfide globules became attached to zircon via 
surface tension and encapsulated as the zircons continued to grow. At Cadia, the 
occurrence of a polygonal polyphase inclusion of chalcopyrite + galena indicates 
that encapsulation took place at or below sulfide solidus temperatures. The 
maximum temperature of zirconium saturation (Section 5.3.2) is determined to be 
722°C at Cadia, 730°C at Northparkes and 739°C at Copper Hill. However, at Cadia 
maximum saturation temperatures for individual samples ranged down to 588°C 
and 664°C at Northparkes. The latter temperatures approach the stability of 
chalcopyrite at 557°C. It may be that the encapsulation of chalcopyrite-like globules 
was close to this temperature, as few distinctive phase segregations were 
observed. The lowest maximum Zr-saturation temperature at Copper Hill is 713°C. 
The absence of any sulfide inclusions at Copper Hill may bear some relation to 
these upper temperature ranges if such temperatures precede sulfide saturation.  
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No sulfide inclusions, magmatic or otherwise, were observed in zircon from 
Copper Hill nor have any previous documentations of magmatic sulfides at Copper 
Hill been found in literature. This does not preclude their existence, however it may 
be that sulfide saturation did not occur, or perhaps occurred to a lesser intensity. 
Given that Copper Hill is poorly mineralised relative to the Cadia and Northparkes 
deposits, it is possible that sulfide saturation was a fundamental controlling factor 
that resulted in this difference. 
Recent studies have begun to explore the hypothesis that an immiscible 
sulfide melt exerts the dominant control on the composition of hydrothermal fluids 
(Section 4.2.3). This hypothesis is applied and expanded upon here. Sulfide 
saturation at Cadia and Northparkes produced micro-scale globules which 
collectively had a large surface area, making them readily available for interaction 
with hydrothermal fluids. These fluids may have stripped the globules of sulfur and 
metals resulting in high grade hydrothermal fluids which precipitated the hypogene 
ore. Hydrothermal stripping of sulfide is thought to be responsible for the observed 
polyphase inclusion of coexisting chalcopyrite and iron-oxide (Figure 33). The 
sulfide composition of hydrothermal fluids may have been inherited from the 
chalcopyrite-like dominated melt phase, evidenced by the occurrence of 
chalcopyrite daughter crystals within fluid inclusions at Northparkes (Lickfold et al., 
2003). At Copper Hill, a lack of sulfide saturation would mean that hydrothermal 
fluids must have stripped the majority of its sulfur and metals directly from the 
silicate melt as per traditional theories. The silicate melt, which represents high 
volume, low surface area and low grade relative to a sulfide melt phase, is 
inefficiently and perhaps incompletely scavenged by hydrothermal fluids. The 
hydrothermal fluids therefore had a low metal budget which resulted in a poorly 
mineralised deposit relative to that of Cadia and Northparkes (Figure 38).  
Electrum (AuAg2.70) was identified in zircon from Cadia as a segregated 
minor phase within a larger magmatic inclusion of chalcopyrite. At Northparkes, 
lead selenide and cadmium sulfide were identified as magmatic micro-inclusions. 
As discussed, PbSe forms a solid solution with PbS and it is likely that sulfur was 
not identified due to masking by the spectra of lead. Bearing in mind this 
assumption, the exotic phases AuAg, PbSe and CdS all share an association with 
sulfide. This is considered physical evidence of the strong partitioning of such 
elements into an immiscible magmatic sulfide melt phase. As such, this supports 
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the notion that the production an immiscible sulfide melt may have acted as an 
essential transitional pre-enrichment phase which heightened the availability of 
such elements to hydrothermal fluids.  
Magmatic sulfide saturation has been previously shown to occur rapidly and 
abruptly by geochemical fractionation trends (Jenner et al., 2010). Physical 
evidence is observed here by the occurrence of numerous magmatic chalcopyrite 
globules, spatially confined to particular zircon growth zones such as with 
NP01_025, indicative of a temporally discrete event. Such occurrences are highly 
significant as they demonstrate the ability to narrowly constrain the time at which 
sulfide saturation occurred. Further research may enable sulfide saturation to be 
tied to the timing of causative events such as magnetite crystallisation. Apparent 
U-Pb ages of zircon targeted internal and external to magmatic sulfide inclusions 
from Cadia and Northparkes suggests that sulfide saturation postdates the mean 
age of their respective deposits, albeit only slightly. This interpretation ignores error 
along with several other potential causes as outlined in section 6.3.5. However, it 
may well be a real occurrence. Regardless, this observation serves to highlight a 
point in the chronological studies of porphyries which are typically concerned with 
the range and mean ages of intrusions and of alteration zones. This of course stems 
from the viewpoint that porphyry deposits are fundamentally hydrothermal systems. 
Sulfide saturation, which may occur as single or multiple temporally discrete events, 
may be a controlling factor to the ore potential of hydrothermal fluids. If the 
production of an immiscible sulfide melt is a genetic process to the evolution of 
strongly mineralised deposits, then constraining the timing and nature of sulfide 
saturation must be a key factor to understanding their metallogenic evolution.  
The inclusion of sulfides within zircon and other minerals of course prevents 
their interaction with hydrothermal fluids. It may also be that sulfides which have 
crystallised, such as the polygonal chalcopyrite + galena inclusion from Cadia, are 
less available to hydrothermal fluids due to reduced solubilities relative to sulfide 
melt phases. Such occurrences may be regarded as a reduction of ore potential. 
This highlights the significance of temporal proximity of sulfide saturation to the 
release of hydrothermal fluids, namely whether it occurred prior, during or after 
sulfide saturation.  
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The hypothesis that sulfide saturation is a controlling factor to the ore 
potential of a porphyry deposit would benefit from broadening the study to include 
other minerals which host sulfide inclusions (Section 9.3.1). By studying sulfide 
inclusions within a mineral assemblage, relationships such as crystallisation 
sequences may help to further constrain the timing and conditions under which 
sulfide saturation occurs. Direct dating of sulfide inclusions by Re-Os methods as 
applied to sulfides in diamond (Spetsius et al., 2002) may compliment U-Pb dating 
of their host zircon to further confirm the temporal relationship between the two.  
 
Figure 38: (Left) The lack of sulfide saturation forces hydrothermal fluids to source their sulfur and metal budget 
directly from the silicate melt. The silicate melt represents a large volume, low surface area and low grade 
source which may be inefficiently and incompletely stripped of its metal contents. This results in a poorly 
mineralised deposit. (Right) Immiscible sulfide melt globules strongly partition copper and other metals to 
produce a low volume, high surface area and high grade melt. This makes sulfur and chalcophile metals readily 
available to hydrothermal fluids resulting in a strongly mineralised deposit.  
 
8.1.2. Interaction of zircon with hydrothermal fluids 
After emplacement and freezing of the porphyries, hydrothermal fluids 
migrated along zircon fracture planes. At Cadia, these fluids precipitated pyrite and 
silicates such as quartz. The absence of observed copper sulfide fracture-fills may 
indicate that copper was in deficiency at the time of hydrothermal fluid interaction, 
however the observation may of course be a function of sample size.  
Fractures and hydrothermally introduced fracture-fills are most abundant 
within zircons from Northparkes. By textural and geochemical relationships, there 
appears to have be a transition of fluid composition. Chalcopyrite-like sulfides were 
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introduced into fractures during early stage fluid evolution. This may have been 
coincident with sericite alteration and the introduction of micas. Later fluids corroded 
the boundaries of chalcopyrite and precipitated fluorite. A similar relationship is 
seen with barite (Ba≈Sr) and anhydrite (and/or gypsum), with anhydrite>barite, 
which also encroaches upon chalcopyrite indicating they occurred at some later 
stage. The relationship between fluorite and these sulfates is unclear. A single 
occurrence of minor celestine (Sr>Ba) and halite was observed within a single 
zircon which also contains abundant anhydrite and minor barite. This may represent 
the latest preserved hydrothermal stage where strontium rich hyper-saline fluids 
reacted with anhydrite and/or barite to produce celestine. These stages while 
distinct, were likely part of a continuum of shifting hydrothermal fluid composition.  
The coexistence of sulfide and sulfate may perhaps be explained by a 
transition of hydrothermal fluid composition below ~400° (Eq.8.1) (Richards, 2011). 
This transition converts sulfur dioxide and water into hydrogen sulfide and sulfuric 
acid allowing the precipitation of sulfides and sulfates.   
Eq.8.1  4SO2 + 4H2O ↔ H2S + 3H2SO4 
This of course does not require sulfides and sulfates to co-precipitate. 
Section 4.1.2 describes the hematite-magnetite buffer which may alternate the 
stability of sulfur within hydrothermal systems (Sun et al., 2013). Lickfold et al. 
(2003) has outlined the sequence of alteration styles and assemblages at 
Northparkes which shows an alternation between magnetite and hematite 
alteration. The hematite-magnetite buffer may have been a controlling factor upon 
the timing and degree of hydrothermal precipitation of sulfides and sulfates as seen 
in fractures within zircon. 
 A final feature is the disturbance of the U-Pb isotopic systems in the outer 
portion of some zircon. This may have been the result of a relative enrichment in 
uranium giving these sites a higher propensity for modern loss of radiogenic lead.  
One zircon from Northparkes was observed in thin section to contain sulfide 
inclusions which are present as fracture fills. Within the immediate area external to 
the zircon, only minimal sulfide is observed. Planar analysis limits the ability to 
interpret relative volumes, however there appears to be a greater area of sulfide as 
fracture-fills in the zircon than there is surrounding it. If this is a true indication of 
- 88 - 
 
volume, why would hydrothermal sulfide preferentially concentrate in zircon? 
Fractures propagate towards structural weaknesses and as a result may intersect 
sulfide inclusions. This study does not rule out that some of the sulfide fracture-fills 
observed may actually be ‘smears’ of former magmatic sulfide inclusions. 
8.1.3. Genetic differences between Cadia, Northparkes and Copper Hill 
Thin section petrography and whole-rock geochemistry is consistent with 
published literature. The conditions which formed Cadia and Northparkes are 
clearly distinct to those which formed Copper Hill. The intrusions are temporally 
separated and differ in their fractionation histories and geochemical signatures. The 
strong hematite alteration at Cadia and Northparkes suggests that their respective 
arc melts were considerably more oxidised than at Copper Hill which may have 
allowed a greater retention of sulfur as sulfate during ascent through the crust 
(Section 4.1.2). They are also thought to have been emplaced under differing 
tectonic conditions (Section 2.1) which may have influenced the duration of 
fractionation and the amount of venting. These differences may have been 
controlling factors that resulted in the disparity between deposit sizes. Despite the 
fundamental processes that most porphyries share, a wide range of intricate factors 
influence the potential for a porphyry to develop an ore-body and these will differ 
for every deposit. What is most exciting about the hypothesis that sulfide saturation 
is a controlling factor to the metal budget of hydrothermal fluids, is that if this is the 
case, sulfide saturation may represent the culmination of all prior controls. 
Therefore, evidence of sulfide saturation might be developed into a universal 
exploration proxy of ore-potential, irrespective of the factors unique to each location. 
 
8.2. Provenance of sulfide bearing Cadiangullong Creek zircons 
 
8.2.1. The Mount Canobolas Volcanic Complex 
Zircons from the Cadiangullong Creek contain high temperature sulfide 
inclusions as rounded to spherical globules which upon cooling, segregated into 
pyrrhotite and copper-iron sulfides. Euhedral pyrrhotite was also observed 
indicating its encapsulation occurred below solidus temperatures. No inclusions 
were observed as fracture-fills and fractures generally were of low density. Other 
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mineral inclusions were of euhedral ilmenite and abundant needles of rutile. This 
inclusion assemblage is distinctive from that of Cadia and Northparkes zircons. 
U-Pb dating of sulfide bearing zircons yielded a weighted age range of 
10.9 [± 1.8] ≤ CAS01 ≤ 12.0 [± 1.1] Ma, several hundred million years younger than 
the porphyry deposits of the Macquarie Arc. The Mount Canobolas trachytes are 
drained by the Cadiangullong Creek and is a potential source of the zircons. The 
trachytes are of equivalent age at 11.4 Ma by K-Ar dating (Wellman and McDougall, 
1974). No geochemical results for Zr have been found, however the trachytes are 
reported to range from 57.77 to 65.50 SiO2 wt% (Middlemost, 1981). These rocks 
are sufficiently fractionated to have supported the crystallisation of zircon. Further, 
biotite thermometry of these trachytes yielded a formation temperature of 828°C 
(Ewart and Chapel, 1989). This estimate was expected to be a lower temperature 
limit due to difficulties in estimating Fe3+ and Fe2+. This is consistent with the 
occurrence of high temperature sulfides and gives validity to the use of phase 
diagrams in section 7.2.4. The Mount Canobolas trachytes are therefore the most 
probable source of sulfide bearing zircons from the Cadiangullong Creek. Perhaps 
then, the occurrence of alkali feldspar is of a sanidine high-albite solid solution.   
8.2.2. Sulfide saturation and implications 
The Mount Canobolas Volcanic Complex has been interpreted to have been 
formed by intra-plate ‘hot-spot’ induced magma upwelling as the Indo-Australian 
plate migrated northwards. This is indicated by a southward younging of volcanic 
centres (Wellman and McDougall, 1974). At Mount Canobolas, high level magma 
chambers developed bellow a volcanic edifice and fractional crystallisation 
processes were enabled (Middlemost, 1981). This study has identified high 
temperature sulfide inclusions in zircon. This finding presents an opportunity for 
future research to examine the isotopic signatures of the identified sulfides. This 
may in turn allow the identification of the source of sulfur in order to validate or 
contend previous interpretations of the origins of the Mount Canobolas volcanic 
complex. Assuming Mount Canobolas indeed forms part of a genetically related 
volcanic chain, sulfur isotope studies may be useful for tracing the evolution of sulfur 
between volcanic centres, such as any changes in the contribution of sulfur by 
continental crust. Further, constraints on the age of such inclusions by U-Pb zircon 
geochronology or Re-Os dating of sulfides may help to narrow the timing of any 
eruptions or injections of magma. 
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APPLICATION TO GREENFIELDS EXPLORATION 
Chapter Nine 
9.1. Stream Sediment Exploration 
 
9.1.1. Indicator Minerals 
Various techniques exist for the greenfields exploration of new ore deposits. 
These range from the direct to indirect observations of features at all scales such 
as regional geophysical surveys, soil sampling and drilling programs. Of interest 
here is the use of stream sediment exploration techniques, well known for their 
application to diamond exploration. When searching for diamond bearing kimberlite 
pipes, stream sediments are analysed for high pressure gangue minerals which are 
sourced from and representative of a kimberlite pipe, hence being referred to as 
indicator minerals. These indicator minerals are of far greater abundance than the 
diamonds themselves and may be used as a proxy in their stead. Key minerals are 
pyrope garnet, chromite and ilmenite (Carmody et al., 2014, and references 
therein). These minerals are sufficiently dense and resistant to weathering which 
allows them to concentrate as placer deposits. By analysing mineral assemblages, 
their mineral chemistry, yield and any changes between sampling points along a 
stream, vectors to the source may be identified. This chapter explores the pitfalls 
and potential of a similar greenfields exploration technique for copper sulfides.  
9.1.2. Copper Porphyries and the Oxidation Problem 
Copper sulfides within porphyry systems are by no means volumetrically 
insignificant to the degree that diamonds are within kimberlite pipes. However unlike 
diamonds, when sulfides are exposed to the atmosphere they are readily oxidised 
and destroyed. This process is best known for its negative impact on the 
environment. The oxidation of sulfides produces sulfuric acid which may lower the 
pH of streams with detrimental flow on effects on flora and fauna (Audry et al., 
2005). Although often involving numerous reactions, this process is largely 
attributed to the oxidation of pyrite by reaction with oxygen and water to produce 
aqueous iron and sulfuric acid (Eq.9.1) (Alakangas et al., 2010, Audry et al., 2005). 
This is commonly referred to as acid mine drainage as mining techniques may 
expose copious quantities of sulfides which may oxidise if not properly managed.   
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Eq.9.1  2FeS2 + 7O2 + 2H2O  2Fe2+ + 4H+ + 4SO42-  
Eq.9.2  4CuFeS2 + 17O2 + 4H2O  2Fe2O3 + 4Cu2+ + 8H+ + 8SO42- 
The same process of oxidation may have a very positive impact on ore 
potential. The breakdown of copper-iron sulfides via atmospheric oxidation may 
result in the mobilisation of sulfur and metals to greater depths. Eq.9.2 expresses 
one mode of oxidation of chalcopyrite to produce residual goethite, aqueous copper 
ions and sulfuric acid. At some depth where conditions shift from oxidising to 
reducing, sulfides may reprecipitate in higher concentrations, a process known as 
supergene enrichment. This process may make the difference between an 
economic and sub-economic deposit, such as for some copper porphyries in the 
Central Andes (Hartley and Rice, 2005). 
9.1.3. Indicator Minerals of Copper Porphyries 
Detrital sulfides may be found preserved if recently eroded and sampling is 
conducted close enough to their source and not all sulfides oxidise at the same rate 
(Averill, 2011). However, the oxidation and destruction of sulfide minerals is of 
course inhibitive to their use in stream sediment exploration programs. This is 
particularly the case in Australia where the land surface has undergone prolonged 
periods of weathering and erosion. The use of indicator minerals in the search for 
copper porphyries has gathered increased attention in recent years. In fact, the 
term Porphyry Copper Indicator Mineralogy (PCIM®) has been used since 2001 
and the acronym trademarked in 2003 in Canada by Overburden Drilling 
Management Limited (CIPO, 2003). The viability of using indicator mineral sampling 
techniques first stems from the reasonable consistency of porphyry alteration zones 
and their large areal extent which may be up to 100 km2 (Sillitoe, 2010). Such broad 
zoning may produce distinctive mineral assemblages and these may be used to 
identify vectors to intrusive centres. Various hypogene and supergene indicator 
minerals have been proposed such as diaspore, andradite garnet and malachite for 
arid regions within Chile, Peru and western USA (Table 5) (Averill, 2011). The size, 
internal growth zoning and chemical variations of rutile (Scott, 2005) and tourmaline 
(Baksheev et al., 2012, Koval et al., 1991) are also suggested to reflect proximity 
to copper porphyries. 
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9.1.4. Sulfide Inclusions in Zircon; a novel greenfields exploration tool 
If sulfides were to be included within another mineral, they may be preserved 
by virtue of the physical barrier to oxidising agents. This of course depends on the 
survivability of their encapsulating host mineral. Zircon is a highly resilient and 
dense mineral which may survive weathering processes and concentrate as placer 
deposits. Sulfide inclusions in detrital zircon may therefore be a useful tool for the 
greenfields exploration of copper porphyry systems, first suggested by Nutman and 
Buckman (pers. comm. 2014). It may also be used to trace the evolution of porphyry 
systems within the oxidised portions above a supergene enrichment zone, for 
example, by placing upper limits on the timing of exhumation and oxidation. This 
thesis has demonstrated the capability of sulfide inclusions in zircon to preserve 
both magmatic and hydrothermal metallogenic histories. 
 Alteration Zone 
Mineral Potassic Argillic Phyllic Propylitic 
Hypogene:     
Diaspore     
Alunite     
Dravite     
Andradite     
     
Supergene:     
Alunite     
Jarosite     
Atacamite     
Turquoise     
Malachite     
 
Table 5: Proposed indicator minerals for copper porphyry systems in arid regions within Chile, Peru and western 
USA. After Averill (2011) 
  
9.2. The Canobolas Conundrum 
 
9.2.1. The exception of the Macquarie Arc 
Zircons from the Cadiangullong Creek were extracted with the intent of 
testing the potential greenfields exploration tool as outlined above. The creek is 
known to have eroded over the Cadia Hill monzonites and it was hoped that 
detecting sulfide inclusions in detrital zircon might act as a preliminary proof of 
concept of the applciation of the greenfields exploration tool. Zircon containing 
sulfide inclusions formed via sulfide saturation processes were successfully 
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identified, however provenance studies determined that these were eroded from 
the Miocene volcanic rocks of Mount Canobolas and not from the upstream Cadia 
porphyry deposit. Only 2 kg of sediment from a single sample location was analysed 
and observations took place only within a single polish level of the zircon mount. 
Sulfide inclusions in zircon from the Cadia deposit may well exist within the creek 
or perhaps even within the observed zircons at different polish planes, although 
were not identified during this study. Prior knowledge of the existence and age of 
the Cadia Hill deposit and Mount Canobolas volcanic complex made provenance 
studies of the stream zircons relatively straight forward. However, during 
greenfields exploration programs, the age of a target deposit may not be known 
and knowledge of regional and local geological features may be limited. The 
Ordovician to early Silurian porphyries of the Macquarie Arc are not the norm, they 
are the exception. Few porphyries globally are older than 200 Ma while the majority 
are actually 12 Ma (Figure 39) (Kesler and Wilkinson, 2006). This very closely 
approximates the age of the Cadiangullong Creek zircons analysed and the Mount 
Canobolas trachytes from which they are most probably derived. This prompts a 
number of questions and considerations: what features and attributes may 
discriminate between sulfide inclusions from; a) porphyry and non-porphyry settings 
and b) mineralised and barren porphyries? 
 
Figure 39: Age frequency distribution of exposed and shallowly blind Cu-porphyries from around the world. 
n = 455, the bin size = 2 and the modal age is 12 Ma. A major factor in the temporal distribution are the rates 
of exhumation which have resulted in the erosion of older deposits (Kesler and Wilkinson, 2006). 
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9.2.2. Demonstrating a relationship to Cu-porphyry mineralisation 
The viability of magmatic sulfide inclusions in zircon to be used as a proxy 
of copper porphyries is entirely dependent on such inclusions being representative 
of ore formation. As discussed, the production of a magmatic immiscible sulfide 
melt may function as a pre-enrichment process prior to the release of hydrothermal 
fluids. The Cadiangullong Creek zircons contain sulfide inclusions which are 
unrelated to any known mineralisation and entirely unrelated to the Cadia district 
porphyries. This highlights that sulfide inclusions formed via sulfide saturation 
processes are not unique to porphyry systems, as their formation is independent of 
hydrothermal fluid release if any. Therefore, the exploration potential of sulfide 
saturation produced sulfide inclusions requires discriminating features to be useful 
in the exploration of copper porphyries. 
The Cadiangullong Creek zircons are interpreted to be formed by hot spot 
volcanism during the Miocene. They contain relatively high temperature sulfides 
such as pyrrhotite and unidentified copper-sulfides which are thought to have been 
encapsulated as a homogenous melt at over 828°C (Section 8.2.1). Sulfide 
inclusions in zircon interpreted to be of magmatic origin from Cadia and 
Northparkes are dominated by lower temperature minerals such as chalcopyrite. 
Pyrrhotite has been observed to coexist with pyrite and chalcopyrite as polyphase 
globular inclusions within hornblende from the Santa Rita porphyry (Audétat and 
Pettke, 2006) and so it would seem that sulfide phases alone may be an unreliable 
discriminant between geological settings. However, it seems logical that lower 
temperature sulfide phases must have formed under lower temperature conditions. 
Therefore, the presence of relatively low temperature magmatic sulfides in zircon, 
accounting for any phase segregation, may place upper temperature limits on the 
geological setting in which they formed. 
Unlike sulfide saturation processes which may or may not be related to 
hypogene mineralisation, porphyry deposits are unequivocally produced via 
hydrothermal precipitation of sulfides. It would appear that hydrothermal fluids are 
responsible for introducing sulfides into fractures in zircon particularly at 
Northparkes. The hydrothermal introduction of sulfides requires open conduits for 
fluid to flow and precipitate within. When zircons are eroded and deposited into 
streams, these features also represent a connectivity with oxidising agents of the 
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atmosphere. As no hydrothermal inclusions were found in the stream sediments, it 
cannot be said whether such inclusions would survive. Considering that oxidation 
processes produce secondary oxides, it is possible that the oxidation of sulfide 
fracture fills may produce an oxide ‘plug’, effectively sealing the fracture and 
enabling the preservation of the remaining interior inclusion. Fracture fills are 
observed to contain sulfides coexisting with sulfates, which is highly indicative of 
hydrothermal processes of shifting sulfur stabilities. Further, hydrothermal alteration 
of zircon may leach radiogenic lead resulting in relative enrichment of uranium and 
dark discolouration of zircon under cathodoluminescence. These various features 
are strong evidence of hydrothermal mineralisation and if preserved in streams 
would serve as a very strong exploration proxy. 
As discussed in section 4.1.1, the isotopic signature of sulfur may indicate 
its geological setting of origin. This should enable an isotopic distinction between 
sulfide inclusions from Cadia and Northparkes to those from Mount Canobolas. 
Where magmatic sulfur has near-zero δ34S (relative to Canyon Diablo Troilite), the 
Cadia porphyries have been found to contain negative δ34Ssulfide values 
of -4 to -10‰ for sulfides in high-grade mineralised cores. This was attributed to 
isotopic fractionation during the reduction of sulfate rich fluids and precipitation of 
sulfide. It was suggested that δ34S anomalies may be used to define exploration 
vectors to areas affected by oxidising hydrothermal fluids (Wilson et al., 2007a). 
Strongly negative δ34S anomalies have also been identified at Northparkes 
(Lickfold, 2002). Such attributes may enable the discrimination between sulfide 
inclusions from porphyry and non-porphyry settings.  
Zircon has been previously suggested for use as an indicator mineral of 
copper porphyries for use in stream sampling programs. It has been found that 
Ce(IV)/Ce(III) ratios are higher within zircons sourced from copper porphyry 
systems than those from barren intrusions and may therefore be a useful tool to 
discriminate between the two (Ballard et al., 2002). 
Copper isotope studies at Northparkes demonstrated that δ65Cu (relative to 
NIST976) of sulfide minerals chalcopyrite and borntie vary with structural position 
within a porphyry system (Li et al., 2010). With further research copper isotopes 
may give an indication of the degree of exhumation or erosional level of an unknown 
porphyry. 
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These findings should be tested on zircons and their sulfide inclusions, both 
magmatic and hydrothermal, to further define a set of geochemical attributes which 
may discriminate their mode and setting of origin.  
 
9.3. Sulfide Inclusion in Minerals other than Zircon 
 
9.3.1. Other minerals which host sulfide inclusions 
Zircon is not the only mineral observed to contain sulfide inclusions. Sulfide 
inclusions have been previously noted in amphibole, magnetite, clinopyroxene, 
diamond, sphene, plagioclase, rutile and quartz (Audétat and Pettke, 2006, Halter 
et al., 2002, Hattori, 1993, Keith et al., 1997, Kozhevnikov and Safronov, 2012, 
Scott, 2005, Sharp, 1966, Whitney and Stormer Jr, 1983). The viability of any 
mineral for use in stream sampling exploration techniques first depends on its ability 
to survive weathering processes. Of the minerals listed above, amphibole, 
clinopyroxene and plagioclase are most readily weathered. The remaining minerals 
are sufficiently hard and insoluble to survive weathering processes and aside from 
diamond, may be found in copper porphyry deposits.  
9.3.2. Recommended additional mineral targets for sediment sampling programs 
The formation of magnetite may reduce sulfate to sulfide and so magnetite 
formed in this way may coexist with sulfides (Sun et al., 2013). Chalcopyrite 
inclusions have been observed in hydrothermal magnetite from the Lone Star 
porphyry, Arizona and the Santa Rita porphyry, Mexico (Nadoll et al., 2014). 
Hydrothermal magnetite has also been observed from other geological settings, 
however geochemical and petrographic analysis may discriminate those from 
porphyry systems (Nadoll et al., 2014). Where rutile is present in copper porphyries, 
it is typically a hydrothermal alteration product of sphene, biotite or hornblende 
(Williams and Cesbron, 1977). It has been suggested as an exploration proxy for 
copper porphyries by analysis of their elongation ratios, zonation, colour and 
chemistry particularly its vanadium and copper content. This has been 
demonstrated for the Northparkes E26 deposit (from which samples were sourced 
in this study) along with another feature, the inclusion of chalcopyrite (Scott, 2005). 
A hydrothermal origin of magnetite and rutile infers that any sulfide inclusions must 
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also be hydrothermally produced. As such, sulfide inclusions in these minerals 
would be a strong proxy of a mineralising event. As the mentioned studies were not 
focused on sulfide inclusions in the context of this discussion, further investigation 
is warranted. 
 
9.4. Method of rapid sulfide identification by SEM-EDS rasterising 
The application of sulfide inclusions to greenfields exploration of course 
requires their identification. The abundance of sulfide included minerals in stream 
sediments will be a function of the catchment size, degree of exhumation of any 
sulfide bearing rocks, volumetric extent of sulfide saturation, proximity to the source, 
dilution and so on. As such, it may be that sulfide included minerals within streams 
are relatively rare. Furthermore, when exploring greenfields terranes, the volume of 
sediment to be analysed would far exceed that analysed here. Therefore, a method 
which allows rapid identification of sulfide inclusions is required.  
It is expected that traditional stream sediment sampling techniques would be 
sufficient as would methods of magnetic and heavy liquids minerals separation. In 
order to identify sulfide inclusions within large quantities of zircon and other 
minerals, it is recommended that future research includes an experiment on the 
capabilities of SEM-EDS element rasterising. This technique was applied during 
this study to map the element distribution within single grains. The distribution of 
sulfur and other metals was successful identified in this way, including many 
distributions which were optically illusive, within only several minutes of analysis. It 
should be possible to utilise the same technique while analysing multiple grains at 
lower resolution. Any anomalous patches of sulfur would form the basis of more 
directed and detailed analyses. A simplified process of sediment sampling to sulfide 
identification is outlined by Figure 40. Four attributes of SEM-EDS element 
distribution rasterising should be assessed: 
a) The lowest resolution at which a sulfide inclusion may be identified. 
b) The required duration of analysis at various resolutions in order to do so. 
c) The degree of change in a) and b) with sulfide composition. 
d) The degree of change in a) and b) with sulfide cross sectional area. 
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Step 1) Stream sediment sampling programs  
target key intersections along modern and 
paleo drainage channels 
 
Step 2) Zircons, magnetite and rutile are extracted 
by traditional heavy liquids and magnetic 
separation techniques 
 
Step 3) Grains are densely packed and mounted in 
epoxy. The grains are polished to expose 
a cross sectional area. Unlike U-Pb dating 
which typically benefits from exposing the 
mid-point of each grain, sulfide inclusions 
may occur at any position within 3D space. 
Therefore, each mount may be analysed at 
multiple polish levels.   
 
Step 4) SEM-EDS element distribution rasters are 
produced of each mount at various polish 
levels with particular focus on sulfur to 
identify anomalous concentrations. 
 
Step 5) Identified sulfide inclusions within zircon, 
rutile and magnetite may then undergo 
detailed analysis such as U-Pb and/or 
Re-Os dating, sulfur isotope discrimination 
studies and petrography.  
Figure 40: Method of rapid identification of sulfide inclusions by SEM-EDS element distribution rasterising. After 
traditional stream sediment sampling and mineral separation techniques, grains are densely mounted in epoxy 
resin and polished. An SEM-EDS raster of sulfur distribution within each mount should identify any anomalous 
concentrations of sulfur allowing further investigation.  
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CONCLUSIONS 
Chapter Ten 
 
This thesis presents the first detailed examination of sulfide inclusions in 
zircon from porphyry systems and has successfully demonstrated the capability of 
zircon to preserve the history of metallogenic evolution. Sulfide saturation is shown 
to have occurred as one or more temporally discrete events during the magmatic 
evolution of both the Cadia Hill (Cadia) and Endeavour 26 (Northparkes) deposits. 
Sulfide saturation produced immiscible sulfide melt globules, some of which 
became attached to zircon by surface tension and then were encapsulated by 
continued zircon growth. SHRIMP U-Pb age determinations of zircon sites interior 
and exterior to the encapsulated sulfides indicates that sulfide saturation occurred 
within error of the timing of magmatic zircon crystallisation. The sulfide melt phase 
strongly partitioned chalcophile metals such as copper, gold, silver and cadmium. 
As minimal phase segregations were observed, the encapsulation of chalcopyrite-
like inclusions would have occurred above the upper stability of chalcopyrite of 
557°C. This is in accord with first appearance as sulfide liquid rather than crystalline 
chalcopyrite. Some time after the emplacement of the porphyry intrusions, 
hydrothermal fluids heavily altered the host rocks from which zircons were 
separated to produce typical hypogene and alteration mineral assemblages. These 
fluids also migrated through fractures in zircon. A history of shifting fluid composition 
is preserved for zircons from Northparkes by a sequence of sulfides and sulfates 
along with various other minerals, potentially as a function of the hematite-
magnetite buffer. No sulfide inclusions, magmatic or otherwise were found in 
zircons from Copper Hill and it is possible that sulfide saturation did not occur.    
Recent research has begun to explore the hypothesis that sulfide saturation 
is a genetic process to the formation of strongly mineralised deposits 
(Section 4.2.3). It may be the case that an immiscibile sulfide melt phase at Cadia 
and Northparkes made sulfur and other metals such as copper and gold readily 
available to hydrothermal fluids, resulting in these world class deposits. A lack of 
sulfide saturation at Copper Hill would have forced hydrothermal fluids to 
inefficiently and perhaps incompletley scavenge its sulfur and metal budget directrly 
from the silicate melt, resulting in a lesser mineralised deposit. Future research 
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should further constrain the timing of sulfide saturation and if possible, determine 
the temporal proximity of sulfide saturation to the release of hydrothermal fluids. 
This may govern the degee of interaction and solubility of sulfide. Re-Os direct 
dating of sulfides may further confirm the temporal relationship of sulfide inclusions 
to their host zircon. Laser ablation ICP-MS be applied to gain quantitative whole 
inclusion geochemistry to compliment the semi-quantitative planar analyses 
conducted in this thesis. Such data may better constrain the partitioning behaviour 
of sulfide melts and the temperatures at which they formed. Other minerals host to 
sulfide inclusions such as amphibole should also be examined to explore whether 
crystallisation sequences of host minerals preserve the evolution of sulfide melts.  
Porphyry systems share in many genetic processes, however the intricate 
factors which ultimately determine whether an economic ore-body is produced are 
often unique per location. The tectonic, geochemical and fractionation processes 
which formed the Cadia and Northparkes deposits differed to those which formed 
Copper Hill, which may explain the discrepancy in deposit sizes. If the production 
of an immiscible sulfide melt is a fundemental process to the ore potential of 
hydrothermal fluids, sulfide saturation may be regarded to represent the culmination 
of all prior controls on ore-formation. If so evidence of sulfide satration would be a 
powerful proxy of copper porphyry deposits. 
Sulfides are readily oxidised and destroyed under atmospheric conditions 
however may be preserved when encapsulated within zircon, magnetite and rutile. 
These minerals are sufficiently dense and insoluble to survive as placer depsoits. 
Herein lies a potential to utilise sulfide included detrital minerals as a greenfields 
exploration proxy of copper porphyry deposits. In a trial of this exploration tool, 
detrital zircons were sourced from the Cadiangullong Creek, downstream from the 
open pit Cadia Hill mine. U-Pb dating and various other lines of evidence show that 
the sulfide included detrital zircons were not eroded from the upstream Cadia Hill 
deposit and were most likely sourced from the Miocene Mount Canobolas trachytes. 
This emphasises that sulfide saturation produced sulfide inclusions are not unique 
to porphyry systems and discriminating features are required. Geochemical and 
isotopic analyses of sulfide inclusions and their host mineral may help to 
discriminate between; a) porphyry and non-porphyry systems and b) mineralised 
and barren systems. 
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APPENDICES 
 
 
LIST OF SAMPLES 
Item 01 
 
Location Zircon Separate SHRIMP SEM-EDS 
Composite 
Rock Sample# Thin Section Geochemistry 
       
Cadia CA01 Y Y X1 Y XRF, ICP-MS 
(Cadia Hill)    X2 Y XRF, ICP-MS 
    14 Y XRF, ICP-MS 
    15 Y IC3, IC4, FA 
    20 Y IC3, IC4, FA 
       
 CA02 Y Y 09 Y IC3, IC4, FA 
    10 Y IC3, IC4, FA 
    12 Y IC3, IC4, FA 
    13 Y IC3, IC4, FA 
    22 Y XRF, ICP-MS 
       
       
Northparkes  NP01 Y Y 01 Y XRF, ICP-MS 
(Endeavour 26)    02 Y XRF, ICP-MS 
    03 Y XRF, ICP-MS 
    04 Y (polished) N/A 
    05 Y XRF, ICP-MS 
    06 Y XRF, ICP-MS 
       
       
Copper Hill CH01 Y Y 072 Y XRF, ICP-MS 
    190 Y XRF, ICP-MS 
    310 Y XRF, ICP-MS 
    330 Y XRF, ICP-MS 
       
       
Cadiangullong Creek CAS01 Y Y N/A N/A N/A 
       
 
XRF   X-ray fluorescence 
ICP-MS  Inductively coupled plasma mass spectrometry 
IC3, IC4 Ion-chromatography schemes 
FA  Fire assay  
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SEM-EDS Analysis Positions 
Item 02 
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CA01_002 
 
CA01_002 
- 115 - 
 
 
CA01_003 
 
CA01_004 
- 116 - 
 
 
CA01_004 
 
CA01_021 
- 117 - 
 
 
CA01_021 
 
CA02_001 
- 118 - 
 
 
CA02_005 
 
CA02_008 
- 119 - 
 
 
CA01_015 
 
CA02_016 
- 120 - 
 
 
CA02_016 
 
CA02_016 
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NP01_004 
 
NP01_008 
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NP01_008 
 
NP01_008 
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NP01_010 
 
NP01_012 
- 124 - 
 
 
NP01_018 
 
NP01_019 
- 125 - 
 
 
NP01_019 
 
NP01_020 
- 126 - 
 
 
NP01_020 
 
NP01_025 
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NP01_025 
 
NP01_025 
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NP01_025 
 
NP01_025 
- 129 - 
 
 
NP01_031 
 
NP01_080 
- 130 - 
 
 
NP01_041 
 
NP01_048 
- 131 - 
 
 
NP01_054 
 
NP01_054 
- 132 - 
 
 
NP01_054 
 
NP01_075 
- 133 - 
 
 
NP01_075 
 
NP01_076 
- 134 - 
 
 
Bornite in  
thin section  
NP01_#04 
 
Zircon in 
thin section  
NP01_#04 
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CH01_001 
 
CH01_002 
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CH01_003 
 
CH01_004 
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CAS01a_001 
 
CAS01a_002 
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CAS01a_004 
 
CAS01a_005 
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CAS01a_010 
 
CAS01b_001 
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CAS01b_001 
 
CAS01b_002 
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CAS01b_003 
 
CAS01b_004 
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CAS01b_006 
 
CAS01b_009 
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CAS01b_009 
 
CAS01b_010 
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CAS01b_010 
 
CAS01b_010 
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CAS01c_001 
 
CAS01c_001 
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CAS01c_001 
 
CAS01c_002 
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CAS01c_002 
 
CAS01c_003 
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CAS01c_004 
 
CAS01c_005 
- 149 - 
 
 
CAS01c_006 
 
CAS01c_006 
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CAS01c_007 
 
CAS01c_007 
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CAS01c_008 
 
CAS01c_009 
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CAS01c_009 
 
CAS01c_013 
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SEM-EDS Analysis Results – All Values in Relative Atom % 
Item 03 
 
 
Note: The following results are produced via automatic peak identification software. Negligible values are typically a function of noise and 
interference is commonly introduced by material surrounding the analysis site. Au and Ag values are a function of gold plating except for 
CA01_021. All spectra were manually inspected to ensure the validity of key element atom % determinations. See section 7.1.2 for details. 
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Zircon No.  Point C K O K F K Na K Mg K Al K Si K S K K K Ca K Ti K Fe K Cu K Zr L Ag L Ba L Au M Pb M P K Cl K Se 
CA01_002  006 63.3 14.98 0.72  0.03 0.1 3.77 4.91 0.03 0.19 0.01 4.73 3.24 3.96 0.02       
CA01_002  007 79.55 11.47 0.17 0.05 0.03 0.17 3.79 0.1 0.04 0.01 0.05 0.01  4.38   0.18     
CA01_002  008 57.27 27.26  0.11 0.02 0.14 6.5 0.32 0.08 0.01  0.06  7.92  0.01 0.3     
CA01_002  009 64.67 7.96 2.01   0.07 1.66 14.99 0.03   6.55 0.28 1.64 0.08 0.05      
CA01_003  004 41.72 40.85  0 0.21 0.05 1.75  0.15 12.52 0.04 0.82 0.09 1.79        
CA01_003  005 42.47 35.95  0.07 0.16 3.72 11.51 0.14 3.86 0.05  0.06  1.71  0.09 0.21     
CA01_004  001 67.42 5.69 2.26  0.03 0.11 1.11 15.29  0.03 0.04 8.03          
CA01_004  002 57.4 28.06  0.57 0.04 0.1 5.72 0.39 0.05   0.12  7.17  0.03 0.34     
CA01_004  003 57.04 30.52  0.06 0.04 0.34 5.38 0.15 0.02 0.28 0.16 0.13  5.68 0.04  0.18     
CA01_006  010 66.93 6.73 1.29   0 1.2 11.35 0.06 0.03 0.02 6.22 4.85 1.31 0.01       
CA01_006  011 67.21 5.45 1.33  0.04 0.05 1.22 11.71  0.02 0.02 6.32 5.36 1.25 0.02       
CA01_021  096 65.35 6.61 0.97    1.65 11.8 0.04   6.21 5.61 1.71 0.04 0.01      
CA01_021  097 51.58 16.75   0.07 0.04 2.96 2.16  0.21 0.07 0.8 0.63 4.7 14.56 0.07 5.39     
CA01_021  098 59.93 14.07 1.3 0.07  0.17 4.26 9.42 0.04 0.1 0.13 6.36 0 4.15        
CA01_021  099 68.04 6.37 1   0.1 1.42 11.2 0.04 0  5.75 4.41 1.62 0 0.04      
CA02_001  094 68.07 6.48 1.19   0.01 1.29 10.62 0.05 0.05 0.04 5.64 5.08 1.47 0       
CA02_001  095 59.59 15 0.61  0.08 0.91 4.02 8.11 0.25 0.11  4.96 5.18 1.12 0.05 0.02      
CA02_005  085 69.38 6.52 0.4  0.01 0.14 1.31 10.14 0.02 0  5.63 5.21 1.18 0.03 0.02      
CA02_005  086 66.79 6.9 0.64   0.08 1.5 10.23 0.01 0.06 0.05 6.35 5.91 1.46 0.02       
CA02_008  087 65.94 7.06 2.13  0.02 0.23 1.46 14.57 0.16 0.02 0.02 8.37   0.01 0      
CA02_015  088 64.43 5.6 2.2  0.15 0.1 1.15 16.27 0.04 0.04  9.96    0.07      
CA02_016  100 71.01 11.47    0.02 2.99 5.6 0.03 0.21 0.03 0.4 0.26 2.97 0.01   5.01    
CA02_016  101 68.44 8.03 0.41  0.04 0.16 1.76 9.35  0.13  5.12 4.86 1.68  0.01      
CA02_016  102 69.16 7.58 0.46  0.02 0.13 1.82 9.09  0.16  5.19 4.78 1.58 0.03       
CA02_016  103 67.98 8.63 0.39  0.01 0.1 1.87 9.18 0.02 0.12 0 4.96 5.02 1.71 0.01 0.01      
CA02_016  S22 37.19 16.72     5.71 16.59         1.25 19.01   0.85 
CA02_016  S23        48.92    24.39 25.05    1.64     
CA02_016  S24       1.97 44.16    25.38 26.10    1.65     
CA02_016  S25       0.99 48.80    23.73 24.14    1.44 0.89    
CA02_016  S26 12.72 43.55   3.14 6.20 11.76 8.22  1.88  4.73 3.04 3.70   1.06     
CA02_016  S27 7.74 44.21 2.75       27.79       0.81  16.21 0.49  
CA02_016  S28  47.77 3.73       29.86       0.75  17.47 0.33  
CA02_016  S29 7.81 48.26 3.67       24.96       0.63  14.49 0.17  
CA02_016  S30  56.78   11.52 9.50 13.96   3.62  3.32  0.29   0.91     
CA02_016  S31 51.40 32.04   5.95 3.04 5.25     1.44  0.51   0.36     
CA02_016  S32  57.20   14.20 6.34 12.15   3.54  2.97     0.90  2.61   
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Zircon No. Point C K O K F K Na K Mg K Al K Si K S K K K Ca K Ti K Fe K Cu K Zr L Ag L Ba L Au M Pb M Cl K Sr L Se 
NP01_004 027 51.93 33.13    0.15 6.27 0.36 0.03 0.05 0.01 0.15 0.04 7.73 0.01 0.04 0.1     
NP01_004 028 63.57 7.6 1.12  0.04 0.07 1.61 12.01    6.47 5.72 1.74  0.05      
NP01_004 029 63.51 6.99 0.95   0.05 1.74 11.52 0.04   6.94 6.58 1.62 0.02 0.04      
NP01_004 030 54.61 28.22  0.03 0.14  1.21 6.79  0.1 0.32 0.43 0.32 2.41 0.01 5.4      
NP01_004 031 63.76 6.29 0.58  0.05 0.11 1.74 12.74 0.05   6.72 6.34 1.62  0      
NP01_004 032 55.08 29.22  0.02 0.04 0.12 6.44 0.5  0.09 0.02 0.16 0.14 7.94  0 0.23     
NP01_004 033 54.69 30.47   0.05 0.13 6.22 0.33 0.04 0.02  0.16  7.69 0.01  0.19     
NP01_008 034 75.98 13.74  0.13   1.68 5.09 0.02 0.01  0.21  3.08 0.06       
NP01_008 035 39.17 34.99 0.77 0.05 0.03 0.21 1.56 0.06 0.25 0.01 19.43 0.15  1.32  1.99      
NP01_008 036 65.85 6.72 0.8  0 0.21 1.57 11.29 0.19  0.75 6.22 5.45 0.89  0.06      
NP01_008 037 42.76 36.92  0.15 0.11 3.6 10.81 0.04 3.6  0.16 0.39  1.3  0.03 0.12     
NP01_008 038 40.19 34.07 0.88  0.14 0.28 2.38 0.05 0.16 0.05 17.78 0.04 0.02 2.06  1.82 0.08     
NP01_008 039 67.8 6.51 0.78  0.05 0.21 1.3 11.39 0.06 0.09 0.05 5.64 5 1.1 0.03 0      
NP01_008 S03       8.05      1.56     49.65   40.74 
NP01_008 S04 56.18 9.71     2.67      0.68     17.03   13.74 
NP01_008 S05  65.47     17.32       17.21        
NP01_008 S06 22.37 3.72    0.01 0.97 35.95   0.02 17.82 18.09    1.04     
NP01_008 S07 13.91 5.63    0.03 0.41 31.94 0.17  11.81 16.89 17.91    1.31     
NP01_008 S08 7.01 35.50    5.60 14.35 16.15 3.19  0.02 8.75 8.59    0.85     
NP01_008 S09 39.32 2.06    0.92 2.87    0.00 0.00 1.29    2.82 29.01   21.70 
NP01_008 S10 4.87 43.69    0.09 0.11    49.67 0.21     1.37     
NP01_008 S11 4.58 55.33  0.52  7.85 23.93  7.08  0.03 0.01     0.67     
NP01_008 S12 18.06 47.00    0.04 16.62    0.00 0.00  17.02   1.26     
NP01_008 S13 12.08 49.72  0.49  7.33 22.34  7.06  0.01 0.08     0.90     
NP01_010 042 67.26 6.03 0.89  0.07 0.09 1.14 11.22    6.64 5.31 1.22 0.07 0.06      
NP01_010 043 69.34 5.39 1.23    0.92 11.21    5.96 4.89 0.96 0.06 0.05      
NP01_010 044 69.14 5.84 0.88   0.01 1.09 10.65 0.01 0.04  6.09 5.2 1  0.06      
NP01_010 045 68.84 10.05 0.05  0.05 0.29 1.69 8.12 0.22  0.05 5.02 4.61 0.98 0.02 0.02      
NP01_010 046 60.16 27.27  0.02 0.04   6.36 0.04 0.01 0.06 0.08  2.51  3.46      
NP01_010 047 70.3 5.13 0.95   0.08 0.73 10.79    6.05 4.98 0.89 0.02 0.08      
NP01_010 048 59.6 28.65  0.1    6.59 0.06 0.3  0.58  1.65  2.46      
NP01_012 S50       0.51 49.20    23.99 24.52    1.78     
NP01_012 S51 57.85 6.67    0.21 1.54 13.72 0.16   9.53 9.38    0.52     
NP01_012 S52  49.12  3.02  4.50 11.47  1.15   29.53     1.22     
NP01_012 S53 29.63 16.99    1.98 5.87 21.42 0.46   10.74 11.19 0.56   1.17     
NP01_012 S54 32.82 42.69   0.79 8.33 11.31  2.87  0.05 0.55     0.52  0.06   
NP01_012 S55  52.18  0.38  8.90 27.74  9.47   0.25     0.98  0.10   
NP01_012 S56 12.39 44.82   0.98 14.39 19.65  5.99   0.76     1.02     
NP01_012 S57 17.45 45.94     17.42       17.74   1.45     
NP01_012 S58  54.79  4.10  8.39 25.35  4.19   2.10     0.85     
NP01_018 120 62.96 16.07 0.13  0.03 0.46 4.18 5.63 0.31 0.05  3.28 3.39 3.26 0.01 0.04 0.01  0.06 0.14  
NP01_018 121 65.9 9.49 0.28  0.08 0.32 2.13 9.05 0.06 0.05 0.04 5.46 5.36 1.56 0.01 0.04   0.06 0.06  
NP01_019 021 65.3 4.81 0.41    1.28 12.4 0.03   7.15 7.35 1.22 0.04       
NP01_019 022 70.34 6.27 0.34   0.04 1.13 10.84 0.06 0.06 0.04 5.44 4.31 1.13 0.01       
NP01_019 023 69.07 5.61 0.88  0.02  1.2 10.82    5.98 5.18 1.21  0.02      
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Zircon No. Point C K O K F K Na K Mg K Al K Si K S K K K Ca K Ti K Fe K Cu K Zr L Ag L Ba L Au M P K Cl K Zn K Cd L 
NP01_019 022 70.34 6.27 0.34     0.04 1.13 10.84 0.06 0.06 0.04 5.44 4.31 1.13 0.01             
NP01_019 023 69.07 5.61 0.88   0.02   1.2 10.82       5.98 5.18 1.21   0.02           
NP01_019 024 64.67 5.16 1.93   0   1.08 16.33   0.07   10.35 0.41                 
NP01_019 025 64.29 5.27 0.95     0.07 1.09 12.54 0.02 0.01   7.57 6.89 1.3               
NP01_019 026 63.37 5.47 0.43       1.35 12.54       7.69 7.9 1.23 0.02             
NP01_020 049 63.41 6.61 0.98     0.03 1.46 12.36 0.05 0.21   6.95 6.32 1.49 0.05 0.08           
NP01_020 050 60.94 7.38 0.44     0.15 1.81 12.5 0.01 0.08 0.03 7.36 7.29 1.95 0.05 0.03           
NP01_020 051 55.48 31.28     0.01     6.69 0.06 0.1 0.05 1.05 0.1 2.36 0.02 2.81           
NP01_020 052 55.41 29.85   0.05 0.01 0.13 6.18 0.26 0.02 0.19 0.01 0.03   7.63 0.01 0.1 0.12         
NP01_020 053 56.47 29.07     0.02 0.09 6.02 0.48 0.03 0.09   0.1   7.24   0.09 0.3         
NP01_020 054 49.97 34.78   0.03 0.08 0.13 6.22 0.4 0.09 0.13       7.85 0.01 0.08 0.24         
NP01_020 055 55.82 29.39   0.04   0.15 6.13 0.31   0.09 0.09 0.1   7.67   0.07 0.13         
NP01_025 012 67.37 5.98 0.43   0.02 0.13 1.39 11.71   0.03   6.17 5.47 1.25 0.02 0.03           
NP01_025 013 67.68 6.14 0.61     0.04 1.39 11.84 0.03     5.87 5.02 1.3 0.06 0.02           
NP01_025 014 67.09 5.86 1.06     0.13 1.5 11.48       6.11 5.21 1.51   0.05           
NP01_025 015 65.67 6.77 0.96   0.1   1.51 11.77   0.1   6.04 5.62 1.38 0.04 0.04           
NP01_025 016 63.96 7.76 1   0.01 0.03 2.16 10.69   0.3   6.31 5.63 2.08 0.05             
NP01_025 017 40.93 5.77 29.66 0.13   0.03 2.06 0.06 0.04 18.49 0.04 0.54 0.16 2.1               
NP01_025 018 37.44 36.28 0.51 0.08 0.19 0.25 2.42 0.1 0.07   17.97 0.09 0.12 2.27 0.11 1.99 0.12         
NP01_025 019 36.56 7.25 30.8   0.05 0.03 1.72 0.16 0.16 21.31 0.02 0.02   1.87   0.03 0.02         
NP01_025 020 63.42 6.14 1.02   0.01 0.09 1.74 12.14 0.03 0.07   7.05 6.54 1.73   0.04           
NP01_025 107 63.01 15.64     0.1 0.02 2.21 8.41     0.01 0.16 0.19 2.02         0.05 0.51 7.67 
NP01_025 108 61.85 27.24   0.1 0.05 0.21 4.68 0.22 0.02 0.09 0.01 0.08   4.73 0.01     0.65 0.06   0 
NP01_025 109 62.26 25.62   0.02   0.15 5.23 0.32 0.02 0.01 0.01 0.04   5.54 0.01   0.03 0.68 0.04 0.01 0.02 
NP01_025 S14   16.70         4.52 36.59       0.98 0.95       2.34 1.41   1.98 32.79 
NP01_025 S15               49.48       24.64 24.30       1.57         
NP01_025 S16             0.99 48.50 0.23     24.43 24.37       1.48         
NP01_025 S17             1.04 48.10       24.38 24.53       1.56         
NP01_025 S18   54.93         39.26 1.78       1.09 0.70 1.05     1.20         
NP01_025 S19   56.16         20.78             21.38     1.67         
NP01_025 S20   58.51         0.25       40.34           0.91         
NP01_025 S21 11.53 50.31     6.12 8.18 17.51   3.27     2.22         0.86         
NP01_031 056 69.2 5.38 0.56     0.03 0.8 11.53 0.08 0.15 0.08 6.48 5.72                 
NP01_031 057 40.93   32.66 0.1 0.03 0.17 1.28 0.24 0.11 23.25 0.03 0.12   1.02 0.02 0.04           
NP01_031 058 51.91 35.67 0.86   0.13 0.18 4.62 0.2   0.49 0.06 0.27   3.1 2.5 0.01           
NP01_032 080 67.84 6.07 0.95     0.06 1.03 11.36 0.04 0.1   6.25 5.24 0.95 0.06 0.05           
NP01_032 081 42.43 39.07   0.13   1.39 14.27 0.35 1.15 0.09   0.03   0.86   0.06 0.18         
NP01_041 115 72.9 6.6 0.52       1.15 7.83 0.02   0.02 5.07 4.75 1.03 0.03       0.04     
NP01_041 116 72.04 6.54 0.35     0.01 1.07 8.43       5.22 5.09 1.13   0.04     0.08   0.01 
NP01_041 117 71.42 8.71 0.28   0.06 0.03 1.84 7.24 0.03 0.04   4.25 4.21 1.75   0 0.02   0.07     
NP01_048 059 69.27 5.44 0.71   0.1 0.15 1.15 10.85 0.12 0.04   6.21 5.13 0.83 0.01 0.01           
NP01_048 060 67.8 5.56 0.79     0.14 1.2 11.11 0.11 0.01   6.29 5.98 0.93 0.07             
NP01_048 061 67.44 5.8 0.32   0.02 0.08 1.34 11.73     0.01 6.54 5.45 1.24 0.04 0          
NP01_048 062 66.74 5.78 1.54   0.03 0.07 1.38 11.56   0.02 0.02 6.04 5.58 1.24 0.01            
NP01_048 063 68.35 5.81 0.7     0.11 1.16 11.32   0.01   6.03 5.38 1.12              
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Zircon No. Point C K O K F K Na K Mg K Al K Si K S K K K Ca K Ti K Fe K Cu K Zr L Ag L Ba L Au M P K Cl K Sr L 
NP01_048 064 67.16 6.14 0.68  0.01 0.06 1.47 10.94 0.03  0.06 6 5.8 1.64 0      
NP01_048 065 61.71 24.67  0.15 0.04 0.17 5.92 0.21   0   6.97 0.02  0.15    
NP01_048 066 57.57 31.14  0.02 0.01 0.24 4.94 0.05 0.03 0.14 0.03 0.08  5.68 0.03 0.02     
NP01_054 067 65.63 5.62 0.88  0.02 0.03 1.34 11.79 0.01 0.01 0.15 6.7 6.32 1.45 0.06      
NP01_054 068 66.66 5.94 0.98  0.03 0.06 1.34 11.65 0.04 0.04 0.05 6.35 5.47 1.33 0.06 0     
NP01_054 069 55.6 30.23   0.1   7.25 0.02  0.08 0.16 0.18 2.31  4.07     
NP01_054 070 65.87 5.84 0.8   0.09 1.42 11.97    6.63 5.93 1.43       
NP01_054 071 58.15 27.46   0.09 0.09 0.24 6.93 0.06 0.17 0.17 0.04 0.08 2.37  4.15     
NP01_054 072 64.1 6.76 1.21   0.06 1.61 11.86  0.05 0.07 6.7 6 1.55  0.03     
NP01_054 073 67.1 9.45 0.63  0 0.11 2.76 7.32  0.01  4.75 4.66 3.18 0.03      
NP01_054 074 52.76 32.17      7.5  0.03 0.29 1.21 0.65 1.96 0.03 3.41     
NP01_054 S33  58.71   2.31 7.70 20.33  4.02   0.80  5.09   1.05    
NP01_054 S34       0.38 49.74    24.13 24.13    1.62    
NP01_054 S35 27.26 4.35     0.41 31.41    17.23 17.47   0.30 1.21    
NP01_054 S36       0.96 49.40    24.03 23.86    1.31    
NP01_054 S37  46.73    0.64 7.24  0.16   39.23  4.54   1.47    
NP01_054 S38 17.52 47.20     2.11 14.31  10.52  0.24  2.00  2.16 1.08   2.86 
NP01_054 S39 85.92 11.65     0.94       0.88   0.41  0.20  
NP01_054 S40 86.08 11.48     0.92       0.90   0.41  0.21  
NP01_054 S41 22.62 41.93      16.84        9.19 1.62   7.81 
NP01_054 S42 22.11 44.95     2.14 12.54  1.80  0.61 0.25 10.57  3.25 1.77 0.00   
NP01_054 S43 20.02 7.74     2.67 32.76    17.12 17.39    1.03    
NP01_054 S44 21.89       38.30    19.18 19.39    1.23    
NP01_054 S45       1.12 48.51    24.18 24.10    1.47    
NP01_054 S46  42.70    0.94 7.14  0.20   45.70     1.20    
NP01_054 S47 23.58      0.45 37.26    18.46 18.88    1.14    
NP01_054 S48 91.70 2.62     1.78 0.60  0.08  0.67 0.61 1.59   0.34    
NP01_054 S49  46.45     1.44 25.01    5.48 2.79 1.14  7.31 1.90   8.49 
NP01_075 075 67.17 6.04 0.59  0.05 0.28 1.23 11.45 0.19 0.03 0 6.84 6.15        
NP01_075 076 67.94 5.28 0.89  0.1 0.24 1.25 11.07 0.21 0.06  6.57 6.35   0.03     
NP01_075 077 67.37 7.38 0.39  0 0.37 1.69 9.76 0.31 0.13 0.04 6.06 5.69 0.82       
NP01_075 078 44.36 35.92  0.37 0.78 3.84 10.3 0.18 3.13 0 0.02 0.21 0.06 0.69   0.13    
NP01_075 079 43.65 32.14 0.83 0.12 0.07 2.31 5.96 0.14 1.61  0.02 12.35  0.71   0.1    
NP01_076 118 71.71 6.87 0.55  0.01 0.17 1.48 7.91 0.02 0.03  4.97 4.87 1.33     0.08  
NP01_076 119 63.23 25.33    0.12 4.84 0.34 0.02  0.01 0.04  5.33    0.66 0.02 0.03 
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Thin Section NP01_#04 Point C K O K F K Na K Mg K Al K Si K S K K K Ca K Ti K Fe K Cu K Zr L Ag L Ba L Au M P K Cl K Sr L 
Bornite 01 01        3.44    1.00 4.92        
Bornite 02 02        3.52    1.00 4.84        
Bornite 03 03        3.48    1.00 4.90        
Bornite 04 04        3.48    1.00 4.84        
Bornite 05 05        3.47    1.00 4.82        
Zircon 01 S01  65.79      15.78  0.56  0.15  1.28  5.4    10.98 
Zircon 01 S02   71.13    0.31   28.31  0.04  0.21       
Zircon 01 S03  69.82      15.61  14.51  0.07         
Zircon 01 S04  32.4  33.5   3.63 1.8 0.24 0.36  0.4  2.01     25.64  
Zircon 01 S05  67.28   12.05 7.27 9.97  0.14   3.2         
Zircon 01 S06  65.63    7.13 20.46  6.55   0.23         
Zircon 01 S07  28.64     5.81 28.4    13.29 19.01 4.8       
Zircon 01 S08  38.56     7.28  0.31 0.36  49.18 0 4.31       
Zircon 01 S09        46.89    20.6 31.66 0.6       
Zircon 01 S10  71.36     14.78     0.08  13.78       
 
 
Zircon No. Point C K O K F K Na K Mg K Al K Si K S K K K Ca K Ti K Fe K Cu K Zr L Ag L Ba L Au M Pb M 
CH01_001 042 50.63 33.12 0.24 0.07   1.56  0.07 10.21  0.05  4.03 0 0   
CH01_002 043 64.17 25.66  0.08 0.01 0.1 4.65 0.08 0.01 0 0.01   5.04  0.01 0.18  
CH01_002 044 54.44 31.61 0.12 0.09 0.07 0.57 5.4  0.09 0.04 0.02 6.43 0.04 1.03 0.01  0.04  
CH01_003 045 55.62 31.23  0.45 0.16 2.36 7.61 0.03 0.76 0.13 0.01 0.31  1.23  0.04 0.06  
CH01_004 046 50.46 32.44 0.06 0.14  0.06 1.42  0.1 11.33   0.02 3.97  0.01   
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Zircon No. Point C K O K F K Na K Mg K Al K Si K S K K K Ca K Ti K Fe K Cu K Zr L Ag L Ba L Au M Pb M 
CAS01a_001 047 58.92 27.39  0.02  0.13 6.19 0.05  0.01 0.03 0.02  6.92 0.03 0.04 0.22 0.02 
CAS01a_001 048 72.59 18.62    0.14 3.47 0.15  0.05 0.28 0.48  3.93  0.03 0.26  
CAS01a_001 049 43.11 30.23   0.13 0.14 1.72 0.11  0.02 10.23 11.21 0.02 1.55 0.05 1.34 0.15  
CAS01a_002 050 60.55 26.57  0.06  0.19 5.89 0.18 0.01 0 0.07 0.06  6.13   0.28 0.01 
CAS01a_002 051 51.19 35.26   0.2 4.87 6.12 0.01 0.02 0.02 0.07 0.47  1.72 0.02 0.01 0.02  
CAS01a_002 052 44.96 31.94 0.04   0.04 1.69    8.82 9.68  1.5 0.01 1.19 0.12  
CAS01a_002 053 44.81 32.18   0.04 0.09 2.22 0.03 0.01 0 8.35 9.41  1.79  0.96 0.11  
CAS01a_002 054 55.7 31.11  0.07 0.24 3.46 5.77 0.02 0.4 0.11 0.15 1.24 0.01 1.7  0.02   
CAS01a_002 055 60.27 32.13 0.12   0.21 2.81   0.4  0.57 0.06 3.36 0.04   0.03 
CAS01a_004 068 46.69 42.53   0.1 2.39 4.65  0.01 0.33  0.54  2.67  0.06  0.01 
CAS01a_004 069 46.53 38.86  0.06 0.2 4.16 6.88 0.07 0.02 0.11  1.13  1.88 0 0.01 0.06  
CAS01a_004 070 49.54 33.58  0.09 0.14 1.07 4.7 0.11 0.04 0.14 0.05 7.9 0.07 2.46 0.04 0.01 0.07 0.01 
CAS01a_005 071 47.05 30.04  0.13 0.11 0.26 2.41 0.02  0.01 3.33 14.12  2.08 0.01 0.29 0.1 0.02 
CAS01a_010 111 67.71 5.85 0.67 0.15  0.05 1.25 10.66 0.02   12.27 0.14 1.23     
CAS01a_010 112 58.73 27.85  0.03 0.16 3.24 5.46 0.06 0.16 0.08 0.15 2.1 0 1.91   0.06  
CAS01b_001 038 64.13 24.26   0.04 0.17 5.24 0   0.09 0.13  5.75  0.01 0.15 0.02 
CAS01b_001 039 42.81 33.13   0.01 0.01 1.54  0 0.03 9.31 10.61 0.08 1.23 0.01 1.06 0.15  
CAS01b_001 040 44.27 32.34  0.05  0.12 2.05    8.38 9.75 0.02 1.69 0.01 1.19 0.13  
CAS01b_001 041 64.44 24.86 0.05   0.17 4.96 0.1 0  0.07 0.07  5.07 0  0.19  
CAS01b_001 042 56.73 36.44 0.18 0.09 0.14 0.66 2.11  0.03 0.6  0.6  2.25 0.02 0.12  0.01 
CAS01b_002 043 56.23 32.51    0.17 4.1 0.02 0.02 0.69 1.68 2.05  1.65 0.06 0.66 0.16  
CAS01b_002 044 62.95 25.41   0.03 0.19 5.26 0.13 0.02  0 0.05  5.65 0.02  0.29 0 
CAS01b_002 045 66.62 23.56  0.06 0.01 0.08 4.39 0.15 0.01 0.02  0.02  4.82 0.01  0.24 0.01 
CAS01b_002 046 64.58 24.42    0.09 5.06 0.09 0.02 0.01 0.04 0.03  5.44 0.03  0.2  
CAS01b_003 057 60.47 25.4  0.12  0.13 6.22 0.17 0.03 0.01  0.08  7.04  0.03 0.31 0.01 
CAS01b_003 058 51.23 32.72  1.1 0.17 2.82 8.94 0.05 1.42 0.01  0.1  1.31  0.02 0.1  
CAS01b_003 059 46.77 35.16 1.13   0.07 2.29  0.12 9.94  0.1 0.02 4.37 0 0.04   
CAS01b_003 060 48.72 33.08 1.25   0.05 2.6  0.11 9.81  0.04  4.26 0 0.07   
CAS01b_003 061 48.34 34.06 0.94 0.15  0.15 2.19  0.09 9.87  0.08 0.03 4.05  0.04   
CAS01b_003 062 51.2 32.82 0.3 0.01 0 0.02 2.51  0.08 8.9  0.13  4  0.04   
CAS01b_004 063 62.52 25.24  0.02 0.05 0.14 5.49 0.07    0.01 0.04 6.15 0 0.03 0.22 0.01 
CAS01b_004 064 52.33 32.25 0.62 0.06  0.01 2.12  0.09 8.89  0.05  3.58  0.01   
CAS01b_006 067 43.46 32.42  0.03 0.03 0.11 1.45 0.01 0 0.05 9.12 10.69 0.05 1.31 0 1.12 0.1 0.03 
CAS01b_009 019 68.53 5.9 1   0.09 1.52 10.02 0.01 0.02  11.38 0.11 1.41     
CAS01b_009 020 69.33 6.26 0.55 0.09  0.04 1.35 9.7    11.38  1.25 0.02 0.01   
CAS01b_009 021 63.15 24.7    0.14 5.43 0.2  0.03  0.05  6.02 0.01  0.26  
CAS01b_009 026 70.04 5.17 0.72  0.06 0.06 1.3 9.8  0.03  11.43 0.03 1.33  0.02   
CAS01b_009 027 68.65 6.7 0.48 0.14 0.07 0.08 1.39 9.7    11.42 0.07 1.3     
CAS01b_009 028 68.98 6.76 0.15 0.14 0.05 0.01 1.49 8.95  0.01 0.02 11.98 0.06 1.37 0.03    
CAS01b_010 029 67.72 6.21 0.57  0.03 0.09 1.82 10.21 0  0.03 8.7 2.89 1.72     
CAS01b_010 030 67.96 7.05 0.43  0.09 0.02 1.86 10.03 0.02 0.03  10.74 0.08 1.7     
CAS01b_010 031 66.81 8.14 0.23   0.02 1.96 9.43  0.04  8.27 3.42 1.67  0.01   
CAS01b_010 032 66.44 7.72 0.33 0 0.03 0.01 1.56 10.73 0.01  0.01 11.55 0.04 1.55     
CAS01b_010 S12        29.75    43.82 26.43      
CAS01b_010 S13        36.06    63.94       
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Zircon No. Point C K O K F K Na K Mg K Al K Si K S K K K Ca K Ti K Fe K Cu K Zr L Ag L Ba L Au M Pb M 
CAS01b_010 S14  30.1     15.3     0.09  54.51     
CAS01b_010 S15  2.45     0.83 34.21    58.09  4.42     
CAS01b_010 S16 11.85       28.68    59.47       
CAS01b_010 S17        37    61.1  1.9     
CAS01c_001 001 53.53 34.45   0.3 3.18 5.09 0.05 0.11 0.08 0.58 1.46 0.01 1 0 0.09 0.05  
CAS01c_001 002 69.85 4.66 0.96 0.08 0.04 0.09 1.02 10.23  0.03  11.82 0.15 1.08     
CAS01c_001 003 62.44 24.77  0.04  0.17 5.67 0.24    0.07  6.3   0.3  
CAS01c_001 004 64.09 25.15  0.02  0.1 4.87 0.12 0   0.04  5.36 0.01  0.24 0.02 
CAS01c_001 005 56.7 31.54  0.07 0.27 3.31 5 0.06 0.15 0.01 0.38 1.33  1.05  0.08 0.04  
CAS01c_001 006 69.38 4.54 0.95  0.02 0.11 1.16 10.29  0 0.02 12.28 0.11 1.11 0.02    
CAS01c_001 007 62.82 24.59  0.09  0.13 5.58 0.17    0.1  6.23 0.01 0.01 0.24 0.02 
CAS01c_001 039 69.39 4.13 1.05  0.1 0.05 1.12 10.42    12.6 0.09 1.02 0.02  0.02  
CAS01c_001 040 69.25 7.22 0.11  0.07 0.07 1.34 9.1 0.04   7.98 3.6 1.22     
CAS01c_001 041 70.24 6.09 0.41   0.03 1.34 8.8  0.03 0.01 7.47 4.42 1.14 0.01    
CAS01c_001 S07        32.94    40.86 24.3 1.78     
CAS01c_001 S08        32.47    41.58 23.96 1.99     
CAS01c_001 S09        34.99    56.79 6.34 1.88     
CAS01c_001 S11        33.82    51.29 13.18 1.71     
CAS01c_002 009 49.94 33.57 0.71  0.02 0.13 2.09  0.11 9.5  0.06  3.84  0.04   
CAS01c_002 010 59.29 27.57 0.76   0.06 3.72  0.07 3.49    5.04    0.01 
CAS01c_002 011 56.59 27.96 0.23 0.04 0.12 0.45 5.02 0.01 0.07 0.05 0.11 7.12  2.08 0.01 0.05 0.06 0.01 
CAS01c_002 012 78.23 14.77 0.06 0.04 0.04 0.35 2.17 0.02 0.04 0.03 0.06 3.08  1.08   0.02 0.01 
CAS01c_002 013 59.88 26.84  0.15 0.03 0.11 5.91 0.2  0.02    6.53  0.01 0.31  
CAS01c_003 017 62.01 25.1  0.07  0.19 5.86 0.19   0 0.05  6.16   0.34 0.03 
CAS01c_003 018 52.22 32.77  0.96 0.12 2.32 8.91 0.05 0.79 0  0.2  1.51   0.13 0.01 
CAS01c_003 019 50.47 35.91  0.03 0.29 3.74 6.78 0.07 0.16 0.03 0.28 0.68 0.03 1.4  0.06 0.08  
CAS01c_003 020 62.39 25.27   0.21 3.1 5.76 0.05 0.15 0.04 0.24 0.76 0.04 1.83  0.07 0.08  
CAS01c_003 021 67.63 22.28  0.15 0.1 1.7 4.6 0.06 0.1 0.05 0.17 0.77  2.16 0.03 0.04 0.14 0.02 
CAS01c_004 022 61.68 25.14  0.04  0.15 5.77 0.12 0.01 0.01 0.1 0.09  6.64 0  0.24  
CAS01c_004 023 49.69 30.08  0.41  0.45 2.53  0.19 0.15 12.05 1.4  1.7 0.01 1.33  0.01 
CAS01c_004 024 43.26 35.78  0.33 0.07 0.39 2.38  0.26 0.15 12.41 1.63  1.6 0.03 1.69  0.04 
CAS01c_004 025 76.53 16.74  0.06 0.05 0.13 2.49 0.16 0.03 0.06 0.03 1 0.02 2.51   0.18 0.01 
CAS01c_004 026 46.03 40.46  0.1  0.13 2.95 3.82 0.05 3.49 0.06  0.01 2.91  0   
CAS01c_004 027 63.48 25.02  0.02 0.16 2.37 5.17 0.06 0.33 0.07 0.05 1.16 0.03 1.95  0.03 0.1 0 
CAS01c_005 028 61.4 25.95  0.03  0.11 5.73 0.12 0.01 0  0.04  6.36   0.22 0.03 
CAS01c_005 029 50.87 33.51 0.11 0.09 0.17 2.34 4.3 0.01 0.14 0.09 0.17 6.32  1.75  0.04 0.07  
CAS01c_005 030 47.77 34.63   0.07 1.51 3.73  0.09 0.06 0.11 10.01 0.02 1.92 0 0.02 0.04 0.03 
CAS01c_005 031 61.2 26.27   0.02 0.09 5.4 0.26 0.03 0.05 0.03 0.22  6.08 0.01  0.32  
CAS01c_005 032 52.36 39.74 0.52   0.4 2.73  0.06 0.1  0.43  3.51 0.03 0.12   
CAS01c_006 033 59.61 26.78    0.19 6.1 0.22   0.08 0.08  6.5 0.03 0 0.4 0 
CAS01c_006 034 51.23 31.96 1.14 0.11  0.1 3.05  0.06 7.52 0.08 0.17  4.5  0.08   
CAS01c_006 035 41.65 32.88  0.15 0.08 0.15 1.66 0.03  0.01 9.88 10.98 0.03 1.2  1.19 0.1  
CAS01c_006 036 60.3 20.31  0.11 0.12 0.32 2.35 0.1 0.11 0.07 6.6 6.96  1.66 0.02 0.84 0.12  
CAS01c_006 037 54.85 30.59 0.85  0.04 0.11 3.24  0.09 6.03 0.04 0.14  3.96  0.06  0 
CAS01c_006 056 67.1 8.13 1.02 0.03  0.06 1.68 9.52 0.01   10.72  1.65 0.04 0.01   
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Zircon No. Point C K O K F K Na K Mg K Al K Si K S K K K Ca K Ti K Fe K Cu K Zr L Ag L Ba L Au M Pb M 
CAS01c_006 057 67.74 6.87 0.93   0.03 1.74 9.46   0.05 11.01 0.39 1.79  0   
CAS01c_007 079 67.06 4.33 0.92 0.01 0.06 0.01 1.17 11.44 0.01 0.06 0.03 13.76 0.03 1.12     
CAS01c_007 080 60.8 25.99  0.1 0.01 0.18 5.91 0.11 0.02  0.01 0.06 0.01 6.51   0.29  
CAS01c_007 081 65.52 23.1  0.03  0.17 5.03 0.19   0.01 0.01  5.69 0.02  0.24  
CAS01c_007 058 68.74 5.12 1.42   0.1 1.07 10.27  0.01  12.25  1 0.01    
CAS01c_007 059 67.69 6.57 0.36 0.08 0.01  1.38 10.27  0.02  12.39  1.22     
CAS01c_008 003 66.66 6.91 1.02  0.03 0.1 1.63 10.25 0.02   10.76 0.95 1.67 0.01    
CAS01c_008 004 66.76 6.06 0.94   0.04 1.59 10.65   0.03 11.27 1.16 1.48 0    
CAS01c_008 005 65.76 6.7 1.08  0.04 0.03 1.46 10.98  0.01  12.37 0.01 1.55 0.01 0.01   
CAS01c_008 006 66.32 6.26 1.03 0.08 0.04 0.02 1.6 11.04  0.01  12.05  1.55 0    
CAS01c_008 007 66.43 8.07 0.37  0.08 0.07 1.78 9.04 0   8.31 4.27 1.57     
CAS01c_009 086 68.83 5.77 0.3 0.05  0.09 1.4 10.46  0.06  11.47 0.2 1.36  0.01   
CAS01c_009 087 63.92 24.19  0.03  0.2 5.47 0.14 0.02 0.01 0.01 0.01  5.74 0.01  0.22 0.02 
CAS01c_009 088 63.11 24.45  0.04  0.15 5.49 0.18 0.02 0.01 0.02 0.02 0 6.17   0.3 0.03 
CAS01c_009 089 67.78 6.54 0.86 0.14  0.04 1.41 10.31 0.01 0.07  11.22 0.17 1.45  0.01   
CAS01c_009 090 50.24 32.35 0.4   0.05 1.97  0.09 10.28  0.18  4.38  0.05   
CAS01c_009 091 68.24 19.97    0.11 4.58 1.18 0.01 0.02  0.9 0.55 4.33 0.02  0.08  
CAS01c_009 034 68.52 6.09 1.04  0.02 0.08 1.26 9.93 0.02 0.1  11.53 0.05 1.37     
CAS01c_009 036 68.73 5.71 0.87   0.02 1.45 10.11  0.09  11.56 0.22 1.22  0.01   
CAS01c_009 037 50.72 30.96 1.09 0.03  0.06 2.01  0.1 10.54  0.21  4.24 0 0.03   
CAS01c_009 038 75.69 16.36  0.15  0.06 3.54 0.19 0.01 0.07  0.06  3.64  0.01 0.22  
CAS01c_013 015 63.7 7.93 1.13   0.07 1.86 10.57 0.02   8.95 3.96 1.8 0.02    
CAS01c_013 016 65 6.04 1.25  0.14 0.05 1.72 11.25 0.04 0.01  12.58 0.26 1.61 0.05 0.01   
CAS01c_013 017 65.68 6.34 0.9   0.03 1.85 10.2    12.94 0.31 1.73  0.02   
CAS01c_013 018 64.36 6.69 1.46 0.07 0.04 0.05 1.64 11.22  0.03  12.83 0.04 1.51 0.03 0.02   
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CA02_016 
  
Composite Layer Copper 
  
Iron Sulfur 
  
Lead Calcium 
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NP01_008 
  
Composite Layer Copper 
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Iron Sulfur 
  
Selenium Zirconium 
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Silicon Oxygen 
  
Titanium Aluminium 
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NP01_012 
  
Composite Layer Copper 
  
Iron Sulfur 
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Aluminium Potassium 
  
Sodium Oxygen 
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Silicon Zirconium 
 
 
NP01_025 
  
Composite Layer Copper 
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Iron Sulfur 
  
Aluminium Cadmium 
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Calcium Fluorine 
  
Titanium Silicon 
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NP01_054 
  
Composite Layer Copper 
  
Iron Sulfur 
  
Barium Calcium 
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Oxygen Silicon 
 
Zircon within Thin Section NP01_#04 
  
Composite Layer Copper 
  
Iron Sulfur 
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Barium Calcium 
  
Oxygen Silicon 
  
Aluminium Potassium 
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Magnesium Sodium 
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U-Pb SHRIMP II Analyses 
Item 05 
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Labels U ppm Th ppm Pb* ppm 204Pb ppb 206Pb/238U (Ma) ± 206Pb/238U (Ma) 
CA01-1.1 280.44 89.14 19 1 426.08 21.87 
CA01-1.2 471.03 266.46 34 2 428.51 27.07 
CA01-2.1 735.44 283.04 52 1 439.48 19.71 
CA01-3.1 1520.82 1057.29 118 0 443.93 19.92 
CA01-4.1 749.07 222.32 52 0 438.05 20.95 
CA01-5.1 1084.69 332.30 77 3 445.97 19.28 
CA01-6.1 456.96 244.51 35 0 452.79 11.43 
CA01-7.1 367.16 161.77 27 3 443.58 16.92 
CA01-8.1 581.21 321.85 44 2 444.76 15.61 
CA01-8.2 596.77 335.36 44 4 439.24 18.96 
CA01-5.2 1071.21 640.56 81 1 438.82 22.26 
CA01-9.1 1090.50 267.42 73 7 432.42 25.42 
CA02-1.1 354.81 100.96 25 0 441.27 21.41 
CA02-1.2 1027.69 599.51 77 1 437.36 21.38 
CA02-1.3 438.52 151.26 31 1 435.43 29.63 
CA02-2.1 557.42 280.10 41 1 443.67 20.80 
CA02-3.1 1296.22 735.93 98 2 444.75 22.35 
CA02-4.1 464.28 220.46 34 1 438.10 21.14 
CA02-5.1 434.17 225.61 32 5 440.01 20.45 
CA02-6.1 371.02 132.56 27 1 444.68 23.81 
CA02-7.1 462.29 134.11 33 2 445.74 18.99 
CA02-8.1 563.06 181.39 40 1 444.83 18.26 
CA02-9.1 423.68 196.29 31 4 446.02 18.18 
CA02-10.1 640.64 340.26 48 0 447.84 17.64 
CA02-11.1 981.01 506.57 72 2 441.13 22.95 
CA02-12.1 535.75 261.06 40 0 446.18 15.82 
CA02-13.1 1649.90 554.76 119 4 447.10 16.61 
CA02-13.2 245.34 71.90 17 1 441.67 23.87 
NP01-1.1 456.75 341.09 36 2 438.76 21.58 
NP01-1.2 419.74 297.08 33 1 439.81 23.12 
NP01-2.1 2537.92 1181.50 168 741 419.49 11.01 
NP01-2.2 785.35 756.10 65 0 442.24 27.47 
NP01-3.1 693.63 746.33 59 1 438.15 25.76 
NP01-4.1 616.76 467.47 48 3 439.89 26.66 
NP01-5.1 584.36 490.20 46 3 436.54 28.28 
NP01-6.1 1557.25 1637.95 131 2 444.65 31.12 
NP01-7.1 682.23 663.54 56 0 438.56 28.22 
NP01-8.1 266.48 130.01 20 2 450.03 24.40 
NP01-9.1 457.60 345.31 36 2 438.15 25.19 
NP01-10.1 1023.99 721.69 80 6 440.37 23.36 
NP01-11.1 737.06 627.46 60 1 442.90 29.80 
NP01-12.1 445.43 322.90 35 3 441.82 22.54 
NP01-13.1 513.90 400.38 41 0 442.30 24.24 
NP01-14.1 493.61 353.43 39 2 449.26 15.47 
NP01-15.1 562.98 394.59 44 3 447.41 10.40 
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   Corrected for 204Pb Corrected for 207Pb 
Labels U ppm Th ppm Pb* ppm 
204Pb 
ppb 
206Pb/238U 
(Ma) 
± 206Pb/238U 
(Ma) 
Pb* 
ppm 
204Pb 
ppb 
206Pb/238U 
(Ma) 
± 206Pb/238U 
(Ma) 
CH01-1.1 117.13 36.59 8 4 453.56 17.32 9 -1 458.68 17.44 
CH01-2.1 104.68 33.28 7 5 439.87 20.38 8 0 446.61 20.48 
CH01-3.1 131.81 48.09 9 4 445.40 15.82 10 -2 451.04 15.90 
CH01-4.1 132.83 36.41 9 6 452.75 16.14 10 -2 460.23 16.27 
CH01-5.1 132.75 56.22 9 7 446.34 18.36 10 2 451.29 18.20 
CH01-6.1 104.78 30.83 7 1 450.12 12.45 8 -1 453.30 12.43 
CH01-7.1 116.69 35.65 8 7 428.31 13.97 8 -1 436.83 14.15 
CH01-8.1 117.71 46.62 9 2 450.71 11.29 9 -1 454.31 11.31 
CH01-9.1 119.38 35.17 9 3 460.99 15.39 9 0 464.02 15.45 
CH01-10.1 93.22 22.34 6 4 441.91 17.27 7 -1 449.69 17.36 
CH01-11.1 97.98 31.51 7 4 440.38 15.88 7 -1 446.69 15.71 
CH01-12.1 97.64 39.43 7 2 439.69 16.81 7 0 442.36 16.92 
CH01-13.1 88.50 29.30 6 6 452.77 13.90 7 -1 462.54 13.89 
CH01-14.1 71.70 21.03 5 0 461.99 16.91 5 -1 463.19 16.94 
CH01-15.1 131.12 58.61 9 5 448.76 12.02 10 -2 455.37 11.99 
CH01-16.1 178.63 59.65 13 4 455.57 14.51 13 0 458.41 14.58 
CH01-17.1 128.12 43.25 9 3 442.39 14.59 9 -1 446.37 14.64 
CH01-18.1 115.70 33.06 9 1 479.00 11.88 9 -1 481.36 11.92 
CH01-19.1 119.73 35.23 8 7 446.82 12.81 9 -2 456.76 12.83 
CH01-20.1 121.59 39.16 9 1 453.11 12.28 9 -1 455.93 12.29 
CAS01-1.1 357.67 235.76 0 4 9.04 1.44 1 0 10.56 0.86 
CAS01-2.1 134.52 82.75 0 4 8.08 2.08 0 1 10.30 0.78 
CAS01-3.1 57.74 25.97 0 0 11.13 2.23 0 0 11.32 1.20 
CAS01-4.1 1035.13 919.30 2 9 11.76 0.73 2 -1 12.87 0.54 
CAS01-5.1 157.27 87.98 0 2 10.18 1.48 0 0 11.50 0.77 
CAS01-6.1 110.65 60.50 0 5 7.31 2.67 0 0 12.18 0.69 
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Geochemistry 
Item 06 
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XRF Major Element Analysis (wt%) 
Sample# 
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Na2O 4.8 3.2 8.4 3.0 4.8 6.2 5.0 4.9 5.1 2.5 3.0 3.2 1.3 
MgO 1.9 2.0 0.5 4.6 1.3 0.7 0.6 1.9 0.8 2.0 2.3 2.0 1.5 
Al2O3 16.3 12.1 19.2 15.2 17.1 16.3 15.9 17.4 15.8 15.2 15.5 15.5 15.9 
SiO2 59.4 57.1 59.8 56.9 57.6 61.8 67.2 59.5 67.2 60.6 62.2 61.0 63.3 
P2O5 0.2 0.1 0.0 0.3 0.2 0.1 0.0 0.3 0.1 0.1 0.1 0.1 0.0 
S 0.2 0.3 0.1 3.2 1.9 1.6 0.1 0.0 0.0 0.3 0.1 0.9 0.0 
K2O 3.9 4.2 1.0 4.2 7.5 5.1 4.7 4.7 5.1 1.2 1.6 2.0 3.3 
CaO 3.5 2.5 4.8 0.6 3.4 2.9 1.5 3.9 1.1 5.6 4.4 3.9 4.4 
TiO2 0.5 0.4 0.7 0.6 0.5 0.3 0.2 0.4 0.2 0.4 0.3 0.5 0.3 
MnO 0.0 0.0 0.0 0.3 0.1 0.0 0.1 0.2 0.0 0.1 0.1 0.2 0.1 
Fe2O3 5.3 15.2 1.0 9.0 1.6 1.1 2.5 5.2 1.6 3.5 4.6 6.8 2.6 
O=S -0.1 -0.2 -0.1 -1.6 -0.9 -0.8 0.0 0.0 0.0 -0.1 0.0 -0.4 0.0 
LOI 3.2 2.0 2.4 4.5 5.6 4.1 2.1 1.3 2.7 7.9 5.5 3.9 6.8 
Total 99.2 99.0 98.0 100.6 100.4 99.3 99.9 99.6 99.7 99.2 99.6 99.4 99.4 
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XRF Trace Element Analysis (ppm) 
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Cl 25.2 21.8 4.0 31.3 83.4 70.6 30.8 122.2 40.5 618.6 83.0 18.3 335.1 
Cu 1142.0 3327.0 128.9 7217.0 9831.0 3008.0 185.3 52.8 402.5 638.0 22.9 45.4 111.6 
Zn 26.9 51.4 10.1 188.1 61.2 18.7 55.4 78.2 18.6 63.5 50.9 159.9 50.5 
Ga 21.3 < 1 14.6 25.2 22.8 23.5 16.8 16.9 12.4 13.8 15.7 15.5 14.9 
Ge 1.2 < 1 1.6 2.1 < 1 1.3 1.3 1.4 1.3 1.3 0.9 1.5 1.3 
As 2.7 < 1 5.5 4.2 1.6 1.1 < 1 3.7 1.0 2.3 1.8 2.6 0.8 
Se 1.2 1.6 < 1 6.6 5.4 2.2 < 1 < 1 < 1 < 1 < 1 < 1 < 1 
Br < 1 < 1 < 1 < 1 0.8 0.7 < 1 < 1 < 1 < 1 < 1 < 1 < 1 
Rb 75.8 56.0 23.4 94.6 95.1 49.1 79.7 80.4 58.1 21.1 33.6 29.2 63.1 
Sr 727.2 353.6 645.1 156.3 1152.0 865.9 629.5 1144.0 364.5 154.9 366.7 516.4 150.9 
Y 18.9 9.1 12.3 15.1 19.5 11.1 10.2 18.5 11.6 13.9 9.2 14.2 10.0 
Zr 121.2 55.9 75.5 48.2 127.1 71.3 96.1 58.6 107.5 92.2 71.9 102.5 82.3 
Nb 7.6 3.9 4.5 4.6 7.5 3.9 4.4 4.8 4.5 5.2 3.8 5.8 4.1 
Mo < 1 < 1 < 1 73.0 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 
Cd < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 
Sn 3.4 < 3 7.1 4.8 3.9 3.5 < 3 < 3 3.9 4.3 2.9 3.2 6.4 
Sb < 3 < 3 < 3 < 3 < 3 < 3 < 3 < 3 < 3 < 3 < 3 < 3 < 3 
Cs < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 
Ba 717.5 565.4 150.0 564.9 1873.0 922.1 917.0 852.0 712.8 157.9 201.9 515.3 313.3 
La 23.1 8.0 14.5 33.4 6.7 < 2.0 10.0 14.3 < 2.0 31.0 19.9 23.5 22.4 
Ce 19.9 5.4 < 4 56.6 32.0 < 4 39.1 < 4 24.0 42.2 < 4 < 4 44.2 
Hf < 2 21.2 3.7 < 2 < 2 < 2 4.8 2.2 < 2 4.8 < 2 3.1 < 2 
W 8.6 12.8 3.4 26.2 40.1 13.7 2.8 1.8 4.1 3.2 0.9 < 1 2.2 
Hg < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 
Pb 3.2 2.8 4.0 5.8 10.3 4.0 10.6 11.5 3.4 2.6 3.0 4.3 2.3 
Bi 1.0 < 1 < 1 2.3 3.1 2.5 < 1 < 1 < 1 < 1 < 1 < 1 < 1 
Th 5.7 0.8 1.8 4.0 5.0 1.9 3.3 4.0 1.8 1.2 0.7 2.4 < 0.1 
U 4.5 < 1.0 3.3 0.8 4.8 2.7 3.1 4.3 1.1 0.7 1.2 2.0 0.7 
 
 
 
 
 
- 184 - 
 
ICP-MS Rare Earth Element Analysis (ppm) 
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Ba 767.0 620.0 150.5 626.0 2060.0 1030.0 1020.0 948.0 816.0 155.5 216.0 532.0 314.0 
Ce 42.8 9.6 19.5 55.4 29.4 20.2 24.8 37.8 26.0 32.0 15.1 22.5 19.0 
Cr 90.0 180.0 140.0 510.0 60.0 110.0 180.0 80.0 110.0 80.0 120.0 100.0 70.0 
Cs 2.0 0.4 0.5 2.3 0.6 0.2 0.5 0.3 0.3 1.0 1.1 1.0 1.9 
Dy 3.4 1.5 2.0 2.9 2.8 1.5 1.4 3.0 1.8 2.4 1.5 2.3 1.8 
Er 2.0 1.0 1.1 1.8 1.9 1.1 1.0 2.0 1.2 1.5 1.0 1.5 1.1 
Eu 1.1 0.5 0.8 1.0 0.9 0.7 0.5 1.1 0.6 0.9 0.5 0.8 0.8 
Ga 17.8 19.1 16.1 18.8 15.5 18.3 19.7 18.2 16.9 17.2 16.8 16.6 16.4 
Gd 3.6 1.4 2.3 3.3 3.3 1.9 1.6 3.6 2.0 2.6 1.7 2.2 2.0 
Hf 4.2 1.6 2.8 1.6 3.6 2.3 3.2 4.0 3.0 2.8 2.1 3.1 2.3 
Ho 0.7 0.3 0.4 0.6 0.6 0.3 0.3 0.7 0.4 0.5 0.3 0.5 0.4 
La 22.5 5.3 8.0 37.6 16.1 11.8 16.1 20.7 16.2 16.2 7.9 11.6 9.7 
Lu 0.3 0.2 0.2 0.3 0.3 0.2 0.2 0.4 0.3 0.3 0.2 0.3 0.2 
Nb 9.8 4.7 5.7 5.2 8.9 5.1 5.3 6.0 5.0 6.6 4.7 6.6 4.6 
Nd 19.0 5.0 11.1 19.8 13.6 8.7 8.0 16.4 10.0 14.8 7.3 10.8 10.1 
Pr 5.2 1.2 2.7 5.6 3.5 2.3 2.4 4.4 2.7 3.8 1.8 2.8 2.6 
Rb 79.2 56.1 24.9 98.8 99.6 52.2 85.3 85.8 61.7 23.1 36.0 30.4 71.3 
Sm 4.0 1.2 2.5 3.5 3.1 1.8 1.6 3.5 1.9 3.2 1.6 2.3 2.1 
Sn 4.0 8.0 2.0 10.0 1.0 1.0 5.0 1.0 1.0 1.0 2.0 2.0 2.0 
Sr 751.0 357.0 671.0 162.0 1205.0 904.0 685.0 1170.0 380.0 163.5 380.0 528.0 163.5 
Ta 0.6 0.2 0.3 0.2 0.4 0.2 0.2 0.4 0.3 0.3 0.2 0.4 0.7 
Tb 0.6 0.2 0.4 0.5 0.5 0.3 0.3 0.5 0.3 0.4 0.2 0.4 0.3 
Th 6.1 0.8 2.4 4.0 3.8 1.8 3.7 4.1 2.6 1.9 1.1 2.7 1.3 
Tm 0.3 0.2 0.2 0.3 0.3 0.2 0.2 0.3 0.2 0.2 0.2 0.2 0.2 
U 2.9 0.5 1.1 2.0 1.1 0.7 2.1 2.1 0.7 0.6 0.8 1.3 1.0 
V 170.0 168.0 141.0 284.0 108.0 59.0 65.0 149.0 88.0 86.0 119.0 127.0 169.0 
W 5.0 6.0 1.0 11.0 6.0 3.0 2.0 3.0 1.0 3.0 3.0 2.0 5.0 
Y 19.1 8.9 12.2 15.6 17.4 9.9 9.7 18.5 11.5 14.6 9.2 14.1 11.7 
Yb 2.1 1.0 1.1 1.7 2.0 1.0 1.4 2.1 1.5 1.6 0.9 1.6 1.2 
Zr 169.0 63.0 99.0 54.0 138.0 81.0 114.0 148.0 113.0 109.0 75.0 114.0 87.0 
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Ion-Chromatography Part 1 of 1 
Note: Au, Pt and Pd values analysed by fire assay. 
IDENT UNITS SCHEME DETECTION LIMIT CA01_#15 CA01_#20 CA02_#09 CA02_#10 CA02_#12 CA02_#13 
Au ppb FA3 1 5 16 145 11 105 6 
Au Dp1 ppb FA3 1 -- -- 150 10 98 -- 
Pt ppb FA3 5 <5 <5 <5 <5 <5 <5 
Pt Dp1 ppb FA3 5   <5 <5 <5  
Pd ppb FA3 1 7 <1 12 11 3 6 
Pd Dp1 ppb FA3 1   13 13 3  
SiO2 % IC4 0.01 54.9 61.7 52.8 51 55.6 55.5 
TiO2 % IC4 0.005 0.555 0.505 0.74 0.69 0.59 0.565 
Al2O3 % IC4 0.01 16.4 19.6 15.1 14.8 16.5 16.5 
Fe2O3 % IC4 0.01 8.61 0.8 9.02 11.3 3.61 4.93 
MnO % IC4 0.01 0.18 0.02 0.14 0.21 0.12 0.13 
MgO % IC4 0.01 3.47 0.1 5.23 5.31 4.61 4.09 
CaO % IC4 0.01 6.27 5.58 8.57 8.43 9.67 9.26 
Na2O % IC4 0.01 4.32 7.05 4.58 3.03 5.45 5.68 
K2O % IC4 0.01 3.51 2.8 1.08 3.28 0.76 0.89 
P2O5 % IC4 0.01 0.38 0.02 0.54 0.43 0.46 0.4 
LOI % GRAV7 0.01A 1.55 1.96 1.79 1.39 1.52 2.23 
Total    100.145 100.135 99.59 99.87 98.89 100.175 
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Ion-Chromatography Part 2 of 2 
IDENT UNITS SCHEME DETECTION LIMIT CA01_#15 CA01_#20 CA02_#09 CA02_#10 CA02_#12 CA02_#13 
Cr ppm IC4 20 30 <20 50 60 50 30 
V ppm IC4 20 170 60 330 250 150 200 
Zr ppm IC4 20 70 60 50 50 70 70 
Ba ppm IC4 20 850 300 360 1150 220 290 
Sc ppm IC4 5 16 <5 24 26 18 16 
Ag ppm IC3M 0.1 0.5 1 1.7 0.3 0.6 0.2 
As ppm IC3M 0.5 5.5 <0.5 7 9 8.5 8.5 
Bi ppm IC3M 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Cd ppm IC3M 0.1 0.1 <0.1 0.2 0.2 0.1 0.1 
Ce ppm IC3M 0.5 39 11 44.5 34.5 38.5 37.5 
Co ppm IC3M 0.2 20 0.8 20 30 10 9.5 
Cs ppm IC3M 0.1 0.5 0.3 0.7 1.1 0.6 0.7 
Cu ppm IC3M 0.5 125 54 1200 125 600 28.5 
Ga ppm IC3M 0.1 17 23 18 17 16.5 17.5 
In ppm IC3M 0.05 <0.5 <0.5 0.05 <0.5 0.05 <0.5 
La ppm IC3M 0.5 22.5 5 26 21 21 20 
Mo ppm IC3M 0.1 2.3 1.4 110 5 2.4 2.8 
Nb ppm IC3M 0.5 5.5 2 4 4.5 5 4.5 
Ni ppm IC3M 2 13 2 14 24 10 10 
Pb ppm IC3M 0.5 11 0.5 3 9.5 5 4.5 
Rb ppm IC3M 0.1 42.5 30 21.5 41.5 16 19.5 
Sb ppm IC3M 0.5 0.5 <0.5 1 0.5 1 1 
Se ppm IC3M 0.5 <0.5 0.5 <0.5 <0.5 <0.5 <0.5 
Sr ppm IC3M 0.1 1900 210 2300 2400 2050 2350 
Te ppm IC3M 0.2       <0.2       <0.2       <0.2       <0.2       <0.2       <0.2 
Th ppm IC3M 0.02 3.8 1.4 2.9 2.5 3.8 3.5 
Tl ppm IC3M 0.1 0.2 0.1 <0.1 0.1 <0.1 0.1 
U ppm IC3M 0.02 1.5 0.16 1.7 1 1.4 1.35 
W ppm IC3M 0.1 1.2 0.7 3.1 0.7 3 1.6 
Y ppm IC3M 0.05 16.5 7.5 18.5 17.5 17.5 17.5 
Zn ppm IC3M 0.5 78 4 34.5 82 29.5 25 
Dy ppm IC3R 0.02 3.2 1.6 3.8 3.4 3.4 3.4 
Er ppm IC3R 0.05 1.9 0.9 2.2 2 1.95 2 
Eu ppm IC3R 0.02 1.35 0.39 1.55 1.45 1.4 1.4 
Gd ppm IC3R 0.05 3.2 1.35 3.8 3.4 3.5 3.3 
Ho ppm IC3R 0.02 0.58 0.28 0.68 0.62 0.62 0.62 
Lu ppm IC3R 0.02 0.26 0.12 0.26 0.25 0.25 0.26 
Nd ppm IC3R 0.02 19 7.5 24 20 21.5 20.5 
Pr ppm IC3R 0.05 4.6 1.7 5.5 4.5 4.8 4.7 
Sm ppm IC3R 0.02 3.9 1.75 5 4 4.5 4.3 
Tb ppm IC3R 0.02 0.53 0.26 0.63 0.59 0.57 0.57 
Tm ppm IC3R 0.05 0.25 0.15 0.3 0.25 0.3 0.3 
Yb ppm IC3R 0.05 1.75 0.9 1.9 1.75 1.85 1.85 
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Zirconium-saturation Thermometry Outputs 
See section 5.3.2 for details on calculation. 
Sample DZr
Zircon/melt M T (°C) 
CA01_#X1 4106.12 1.99 722 
CA01_#X2 8902.72 2.10 660 
CA01_#14 6591.55 2.21 674 
CA01_#15 7109.46 2.64 644 
CA01_#20 8294.37 2.24 657 
CA02_#09 9953.24 3.22 593 
CA02_#10 9953.24 3.32 588 
CA02_#12 7109.46 3.21 614 
CA02_#13 7109.46 3.19 615 
CA02_#22 10324.94 1.23 702 
NP01_#01 3915.52 2.34 704 
NP01_#02 6979.83 2.17 672 
NP01_#03 5178.58 1.60 730 
NP01_#05 8492.53 2.08 664 
NP01_#06 4629.41 1.59 740 
CH01_#072 5397.64 1.63 725 
CH01_#190 6921.59 1.52 713 
CH01_#310 4855.24 1.53 739 
CH01_#330 6046.93 1.33 736 
 
 
 
 
 
 
 
 
